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Evidence has been accumulating that suggests some arcto-boreal plant taxa persisted 
through the Last Glacial Maximum (LGM) in Alaska and adjacent Canada. In part, my 
dissertation investigated the spatial patterns of glacial persistence and postglacial colonization of 
an alder (Alnus) species complex (n = 3 taxa) from this vast region. Using high-throughput DNA 
sequencing, hindcast Species Distribution Modeling, and a reassessment of pollen records, I 
found evidence that Alnus expanded from several population nuclei (i.e. refugia) that existed 
during the LGM and coalesced during the Holocene to form its present range. These results 
challenge the unidirectional model for postglacial vegetation expansion based on several decades 
of palynological studies, implying that climate buffering associated with landscape heterogeneity 
and adaptation to millennial-scale environmental variability played important roles in driving 
late-Quaternary population dynamics.  
Results from the sampled alder species complex support the conclusion that numerous 
plant taxa seem to have persisted in northern refugia within Alaska despite concerns of an 
adverse regional climate during the LGM. Another taxa, Tamarack larch (Larix laricina), 
presents as another plant species that might have survived within Alaska during this period of 
climatic upheaval, but sparse pollen data and a lack of genetic sampling have thus far obscured 
any solid insights. Unlike alder, larch has a transcontinental distribution across North America 
with a prominent disjunction in the Yukon resulting in the isolation of Alaskan populations from 
the primary distribution in Canada. Range disjunctions, such as the one sampled here, serve as 
natural laboratories that allow us to assess the interplay of long-distance migration versus 
refugial persistence in biome development since the LGM. In this case, genetic analysis of 
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chloroplast microsatellites from sampling populations on both sides of the disjunction revealed a 
long-standing isolation between larch in Alaska and Canada. Hindcast Species Distribution 
Modeling suggests suitable climate conditions for larch in Alaska during the LGM corroborating 
our genetic data in suggesting the presence of an Alaskan LGM refugium for larch. Overall 
evidence from this system suggests that either suitable LGM climate, adaptation from limited 
standing variation, or an interplay of both likely promoted in situ persistence of larch in Alaska. 
Regardless of which mechanism facilitated persistence, the results from this study indicate that 
long distance dispersal did not play any significant role in the modern development or 
maintenance of the disjunct Alaskan populations of Larix laricina.  
 Uncovering a cluster of cryptic LGM refugia for Alnus in Alaska and adjacent Canada 
suggests that adaptation potentially facilitated in situ persistence for boreal taxa during rapid 
climate shifts. To understand the role of adaptation within the heterogeneous climate landscape 
of Alaska, Picea marinara (black spruce) populations were sampled from contrasted regions of 
local climate. Specifically, foliar samples were taken from both warmer, drier sites in the 
interior as well as comparatively cooler, wetter sites closer to the southern coast of Alaska. 
Using a combination of multivariate and univariate genotype-by-environment approaches, I 
investigated the relationship between genetic variability (genotyping single nucleotide 
polymorphism array) and downscaled climate variables for each sampling site to provide insight 
into possible local adaptive responses. Intersecting results from these analyses identified 9 
SNPs that displayed significant associations with climate differences between these two 
sampling regions, which are usually interpreted as the signature of putative local adaptation to 
environmental selective pressure. My results also indicated long-term persistence of black 
spruce in interior Alaska implying that the interior populations were exposed to millennia of 
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selective pressure for comparatively lower effective moisture than surrounding regions that 
also harbored black spruce during the last glacial-interglacial cycle. The genomic imprint 
detected in this study, consistent with ongoing adaptation to contrasted modern-day selective 
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Species responses to a shifting climate: a historical perspective 
 Under conditions of rapid climate change, organisms may adapt within their current 
range, migrate, or face extirpation, with the outcome dependent on the magnitudes and rates of 
environmental change (e.g. Jackson & Overpeck 2000; Aitken et al. 2008). Rapidly accelerating 
anthropogenic climate change has spurred investigations into how organisms will use these 
mechanisms to respond to predicted shifts (Chen et al. 2011; Maclean & Wilson 2011; Urban 
2015). Extensive efforts to forecast the most likely outcomes have led to predictions of 
widespread extinctions and diversity loss (Pearson et al. 2014, Pacifici et al. 2015; Harsch et al. 
2017; Pecl et al. 2017).  In stark contrast, paleoecological records show that few species have 
gone extinct during the Late Quaternary when major climatic fluctuations occurred — the so-
called “Quaternary conundrum” (Botkin et al. 2007; Stewart 2009). One plausible explanation 
for this contrast is that predictive models of future change typically do not consider ecological 
complexity at relatively small spatial scales. For example, localized areas of suitable conditions 
nested in a heterogeneous landscape may have allowed small populations of species to persist in 
refugia through periods of adverse climate (Stewart & Lister 2001; Gavin et al. 2014). Although 
evidence is accumulating that many species have survived through past climatic fluctuations, the 
location of refugial populations and population-level response to climate change remain largely 
unknown.  
 With the fate of many ecosystems and taxa under threat from anthropogenic climate 
change, it is important to understand how species responded during past periods of rapid climate 
shifts to help refine projections of future change. While the ability of populations to persist 
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during periods of climate change that exceed a species’ physical tolerance is dependent on local 
adaptation or range shifts (Aitken et al. 2008; Christmas et al. 2016), range shifts are commonly 
assumed to be the primary response pathway for tracking historical and modern climatic 
variation (Huntley & Webb 1989; Jackson & Overpeck 2000; Parmesan 2006). In fact, there are 
numerous paleoecological studies that have documented range shifts in response to Quaternary 
climate fluctuations based on multiple proxies including fossil records (see Huntley & Briks 
1983; Jackson et al. 1997) and phylogeographic surveys (see Hewitt 1999; Svenning et al. 2008). 
However, recent work has called into question the role of migration as the dominant response to 
a shifting climate (Corlett & Wescott 2013; Christmas et al. 2016). Paleoecological records also 
provide several examples of tree populations that failed to track warming after glacial retreat 
(Payette 2007; Warren et al. 2016). Moreover, evidence from a growing number of 
phylogeographic surveys have demonstrated small populations survived closer to the ice sheets 
during the Last Glacial Maximum (LGM) than previously discernable from other lines of 
evidence. These cryptic “microrefugia” harbored populations that supplied colonist at the onset 
of postglacial expansion, which calls into question the concept of rapid climate change to track 
climate change (McLachlan et al. 2005; Anderson et al. 2006; Snell & Cowling 2015).  
 While migration is unquestionably a major response to climate change, the importance of 
adaptation and local persistence as mechanisms of species response to past and future climate 
shifts merits further consideration. For instance, the proliferation of paleoecological and genetic 
evidence supporting the role of cryptic microrefuiga in postglacial recolonization continues to 
accumulate challenging the central role of low-latitude refugia in the postglacial development of 
the high latitudes (Willis & van Andel 2004; Petit et al. 2008). Key to this realization has been a 
decades long endeavor to decipher the history of glacial refugia in Beringia. Spurred by the 
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landmark publication of Eric Hultén (1937), paleoecological studies have resulted in a dense 
network of fossil pollen record in Eastern Beringia (EB; Alaska and adjacent Canada) (see 
Brubaker et al. 2005), which have been used to generate hypothesis regarding glacial persistence 
for many plant taxa during the LGM. A string of phylogeographic surveys, most notably on 
Picea glauca (white spruce; Anderson et al. 2006, 2010; de Lafontaine et al. 2010), seemed to 
confirm that a number of arcto-boreal species survived during the LGM in EB (also see Abbott 
& Brochmann 2003). However, beyond this broad recognition, details about the whereabouts of 
refugial populations and the mechanisms of LGM persistence remain obscured. Without greater 
resolution about the details regarding the exact locations of glacial persistence (i.e. refugia) and 
the modes of postglacial vegetation development, our understanding of postglacial species range 
shifts is limited in scope reducing our ability to understand climatic and ecological drivers of 
postglacial vegetation change.  
 
Legacy of past demographic events and divergent selection to past climate 
While emerging research continues to explore the implications of local persistence and 
document spatial patterns of population genetic diversity in response to climatic oscillations (e.g. 
Petit et al. 2003), local adaptation as a response to climate change has typically been ignored in 
paleoeological studies and, in many cases, has been dismissed as too slow to respond to 
historical or current climate shifts. However, others have recognized the potentially pivotal role 
local adaptation might have and could play in for species response to climate change. Davis & 
Shaw (2001) proposed that the interplay of adaptation and migration was central to biotic 
responses to Quaternary climate change. While this study garnered over 1,700 citations and is 
considered a benchmark for advancing our knowledge of species response to past climate 
 4 
change, little has changed in our understanding about past adaptive responses nearly two decades 
later. A recent synthesis from de Lafontaine and colleagues (2018) reinforced this sentiment, 
documenting the strides we have made in understanding past species dynamics to climate shifts 
while largely neglecting the role of natural selection in promoting adaptive responses.  
Despite the dearth of studies examining the role of past adaptation, there is mounting 
evidence that species have adapted locally to past climate oscillations through natural selection 
(e.g. Davis & Shaw 2001; Oberle & Schaal 2011; de Lafontaine et al. 2018). Assuming natural 
selection has played a significant role in facilitating species persistence through local adaptation, 
then it also begs the questions about the long term outcomes of these processes. For instance, 
during the LGM, harsh climate regimes forced species to retreat to suitable areas until climatic 
conditions improved allowing expansion into newly suitable habitat (Huntley & Webb 1989; 
Bennett et al. 1991). As previously discussed, EB was partly unglaciated during the LGM, and, 
despite a generally adverse regional climate, genetic evidence from Alaska suggests that boreal 
plant taxa survived in pockets within a heterogeneous landscape matrix (Anderson et al. 2006). 
Evidence on the modern landscape suggests that significant adaptive responses can occur even in 
small, fragmented populations, such as the scattered microrefugia that might have occurred in 
Alaska during the LGM (Willi et al. 2006). It is possible that these refugial populations will 
exhibit very low genetic diversity not only be due to drift but also because intense selection 
regimes imposed by the harsh conditions of the LGM (Willi et al. 2007). If this process did 
occur, it might have implications for the future resilience of these populations in the face of 




Local adaptation to a shifting climate 
With recent literature suggesting a focus on understanding the past role of local 
adaptation in facilitating species persistence when faced with adverse regional climate (i.e. de 
Lafontaine et al. 2018), it also important to recognize the part local adaptation might play for 
organisms tracking anthropogenic climate change. One group of organisms that has received 
particular interest as of late is boreal conifers. Boreal conifers provide crucial ecosystem services 
(Gauthier et al. 2015; McDowell et al. 2016) and represent vital economic assets for countries 
around the globe (Schlyter et al. 2006; Mason & Perks 2011; Brandt et al. 2013). Alarmingly, 
projected increases of frequent summer drought could severely threaten the productivity and 
fitness of forests and managed stocks (Broadmeadow & Ray 2005; Gauthier et al. 2015; Allen et 
al. 2015). Several studies have already reported declines in growth and productivity in several 
tree taxa in response to warm summer droughts (Ma et al. 2012; Chen & Luo 2015). While 
efforts are underway to project how forests will respond to intensifying drought stress, adaptation 
has received some criticism as a viable response as the long generation time of these organisms 
means this option will be to slow to successfully respond (Allen et al. 2010). If adaptation were 
dependent on new mutations, then this would be true as there would be significant time needed 
for new mutations to arise and drift to high enough frequencies for natural selection to act 
(Olson-Manning et al. 2012). However, especially for sedentary organisms such as trees, 
environmental selective pressure can trigger adaptation from standing genetic variation (Barret & 
Schulter 2008; Olson-Manning et al. 2012). This suggests that local adaptation in response to 
summer droughts is not only viable, but it might already be occurring for boreal conifers that 
have already been experiencing warm, water limiting conditions in parts of their range.  
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Goals of this research 
With accelerating anthropogenic climate change driving state changes in biomes around 
the globe, it is becoming increasingly important to understand how organisms have responded to 
profound climate shifts in the past. While decades of paleoecological studies have uncovered 
many broad patterns, the resolution on many key details such as the locations of microrefugial 
persistence remain cryptic. Using a novel approach that integrates next generation genomic 
sequencing, species distribution modeling, and the accumulated body of fossil pollen evidence, I 
explored the patterns of refugial persistence and postglacial migration in EB of a widely 
distributed arcto-boreal shrub, Alnus spp. (Chapter 2). The findings challenged long-standing 
assumptions about the modes of postglacial migration in EB and elucidated a cluster of cryptic 
microrefugia that coalesced to create the modern range of Alnus in modern EB (Alaska and 
adjacent Canada; Napier et al. 2019). To provide insight on the relative role of refugial 
persistence and long distance dispersal in the development of biomes since the LGM, I explored 
the origins of a pronounced range disjunction in the distribution of a transcontinental boreal 
conifer, Larix laricina. Integrating genetic analysis from chloroplast microsatellites with species 
distribution modeling not only revealed the LGM persistence of larch in Alaska but a long-term 
isolation of Alaskan populations from the primary distribution in Canada predating the LGM 
(Chapter 3). My results with Alnus and Larix suggest local adaptation could have played a role 
in the long-term dynamics of arcto-boreal species response to climate change, but to detect the 
signature of local adaptation to climate change required a targeted study across the Alaskan 
landscape. Using a transect of Picea mariana (black spruce) populations in central and southern 
Alaska, I examined whether a charismatic boreal conifer was responding to contrasted climate 
regimes through local adaptation (Chapter 4). The goal of this body of research was to 
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holistically evaluate the mechanisms of response to shifting and variable climates, and, when 
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CHAPTER 1: RETHINKING LONG-TERM VEGETATION DYNAMICS: MULTIPLE 






 Evidence is accumulating that some arcto-boreal plant taxa persisted through the Last 
Glacial Maximum (LGM) in Alaska and adjacent Canada. However, the spatial patterns of 
glacial persistence and associated postglacial colonization remain largely unknown. In this study, 
we investigated the LGM refugia of an alder (Alnus) species complex (n = 3 taxa) and assess the 
spatiotemporal dynamics of Alnus in this vast region. Specifically, we conducted high-
throughput DNA sequencing (ddRADseq) on Alnus foliar samples collected from a dense 
population network to investigate patterns of genetic structure and infer the presence of glacial 
lineages. Species distribution modeling (SDM) was used to investigate the probability and 
possible locations of glacial persistence. These analyses were integrated and then compared with 
fossil pollen data to identify the locations of refugial populations and spatial patterns of 
postglacial colonization. Our genetic analyses revealed two glacial lineages with separate 
geographic origins for each Alnus taxon, suggesting that the genus persisted in multiple LGM 
refugia. Non-overlapping hindcast distributions based on SDMs further support the presence of 
multiple, spatially distinct refugia. These ddRADseq and SDM results, in conjunction with 
reassessment of fossil pollen records, suggest that Alnus expanded from several population 
nuclei that existed during the LGM and coalesced during the Holocene to form its present range. 
These results challenge the unidirectional model for postglacial vegetation expansion, implying 
                                                
1 This chapter is published in Ecography (2019).  
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that climate buffering associated with landscape heterogeneity and adaptation to millennial-scale 
environmental variability played important roles in driving late-Quaternary population dynamics.  
 
INTRODUCTION 
 Anthropogenic climate change may lead to a new state of the Earth system unseen in 
recent history. Increasing awareness of this possibility has heightened interest in understanding 
biotic responses to past climate variation, as such knowledge is essential to anticipate future 
change (e.g., Petit et al. 2008, Dawson et al. 2011). Paleoecological studies have documented 
that many species have undergone recurrent, dramatic shifts in their abundances and 
distributional ranges in response to Quaternary climate fluctuations (Jackson and Overpeck 
2000). For example, many boreal and temperate taxa retreated to areas south of the continental 
ice sheets during the Last Glacial Maximum (LGM; 23,000-19,000 cal yr BP) and expanded into 
new habitats at the end of the last glaciation (Jackson et al. 1997). A number of recent studies 
(e.g. Petit et al. 2002, McLachlan et al. 2005, Magri et al. 2006, Anderson et al. 2006, Parducci et 
al. 2012) relied on DNA surveys of modern plants to refine the spatiotemporal patterns of 
population dynamics in relation to past climate change. These studies uncovered new evidence 
for the survival of various species in glacial refugia close to or north of continental ice sheets as 
disjunct small populations, which then expanded during the postglacial period and contributed to 
the establishment of the present ranges of these species. These findings challenged the role of 
rapid migration from low-latitude refugia and suggested that local expansion from disjunct 
refugial populations played an important role in the Holocene development of species ranges.  
During the LGM, the Laurentide and Cordilleran ice sheets covered most of North 
America poleward of 40°N, but Alaska and adjacent Canada were largely ice-free because of 
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aridity. In a landmark study, Hultén (1937) postulated that many woody arcto-boreal taxa 
persisted through the LGM in this region. Although fossil evidence supporting this hypothesis 
remains limited (Brubaker et al. 2005; Edwards et al. 2014), several phylogeographic surveys 
of various coniferous tree species reported unique genetic lineages in Alaska, implying 
glacial persistence of these species in the area (Anderson et al. 2006, 2010, de Lafontaine et 
al. 2010, Gérardi et al. 2010, Warren et al. 2016). However, these studies involved a small 
number of populations, and it is difficult to evaluate whether these species persisted within a 
single refugium or multiple microrefugia in this vast region.  
Alder (Alnus spp.), a widespread plant genus, has been a focus of paleoecological studies 
because of its high abundance in pollen records and its key role as a pioneer in ecological 
succession (Anderson and Brubaker 1994, Hu et al. 2001, Ruess et al. 2013). In Alaska and 
adjacent Canada, alder represents a species complex that includes three distinct but closely 
related taxa: Alnus viridis subspecies fruticosa, Alnus viridis subspecies sinuata, and Alnus 
incana subspecies tenuifolia (Flora of North America Editorial Committee 1993+; 
Supplementary Material Figure A1). However, the three alder taxa are seldom differentiated in 
palynological studies from this region and paleoecological inferences have typically not 
extended below the genus level. In a synthesis of fossil data focusing on Alaska, Hopkins et al. 
(1981) found no reliable evidence for Alnus dating back to the full glacial and concluded that if it 
did survive during the LGM, it would have been as isolated, vegetatively reproducing clones. 
Based on a network of Holocene pollen records from north-central Alaska, Anderson and 
Brubaker (1994) inferred that Alnus first expanded in northwestern Alaska at ~10-9 cal kyr BP, 
spreading rapidly from this population source throughout the region between 8 and 7 cal kyr BP. 
Brubaker et al. (2005) re-examined pollen data from 149 lake, peat, and alluvial sites to assess 
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the possibility that trees and shrubs persisted through the LGM in Beringia. This reassessment 
argued more strongly for the glacial persistence of Alnus within Alaska than for postglacial 
immigration from south of the ice sheet. However, the taxonomic affinities of Alnus in the 
paleorecords and its whereabouts during the last glaciation are largely unknown, making it 
difficult to infer postglacial vegetation dynamics and assess their climatic and ecological 
drivers. 
In this study, we analyzed foliar samples from a dense population network of Alnus 
across Alaska and adjacent Canada using a genome-wide, multilocus genotyping approach. In 
addition, we conducted species distribution modeling (SDM) to hindcast the probable ranges of 
the three Alnus taxa during the LGM. These new results are integrated and interpreted in the 
context of existing pollen records to provide spatially explicit inferences about where Alnus 
might have persisted during the LGM and how refugial populations have contributed to the 
development of the present range of Alnus in this region. By taking advantage of several 
complementary approaches, this study provides new insights into the glacial refugia and 
spatiotemporal dynamics of a dominant shrub in arcto-boreal ecosystems. 
 
MATERIALS AND METHODS 
DNA extraction, genotyping and analyses of genetic structure 
 We sampled 554 Alnus individuals from 69 sites across Alaska and adjacent Canada 
(Table A1). At each site, leaves from ca. eight individuals spaced >100 m apart were sampled 
and dried in silica gel. For each individual, DNA was extracted from 18 mg of homogenized 
tissue using Nucleospin 96 Plant II (Macherey-Nagel Inc., Bethlehem, USA). Library 
preparation for double digest restriction-site associated DNA sequencing (ddRADseq; Peterson 
 16 
et al. 2012) using SbfI/MseI enzymes was performed by Floragenex Inc. (Eugene, USA) and 
single-end sequencing was completed on the Illumina HiSeq 2000/2500 platform at the W.M. 
Keck Center at the University of Illinois. Single nucleotide polymorphism (SNP) genotypes were 
extracted from the raw sequencing reads using STACKS v1.35 (Catchen et al. 2011, 2013; see 
Note A1 for STACKS parameters used to filter and identify loci).  
We evaluated genetic structure using the Bayesian clustering algorithm implemented in 
STRUCTURE (v2.3.4; Pritchard et al. 2000, Falush et al. 2003). The Populations module in 
STACKS was used to create a STRUCTURE-formatted dataset including 1767 loci that were 
present in at least 50% of the sampling sites and 50% of the individuals at each of those sites. In 
STRUCTURE, admixture model (i.e. each population is not completely discrete and sampled 
individuals can have recent ancestors from multiple populations) with correlated allele 
frequencies was used with no prior information. The analysis consisted of 20,000 burn-in steps 
and 100,000 replicates of 1-10 genotypic groups (K), each of which was run 10 times. The 
optimal K value was evaluated based on ∆K implemented in STRUCTURE HARVESTER (Evanno 
et al. 2005, Earl and vonHoldt 2011) as well as a visual comparison of results from each K. In 
cases where hierarchical genetic structuring exists, STRUCTURE only captures the primary 
structure in the data (Evanno et al. 2005, Vähä et al. 2007). Because several taxa within the 
Alnus complex were sampled, an iterative approach was used to hierarchically identify the 
distinct taxonomic levels before assessing the genetic structure within each taxon separately 
(Walsh et al. 2017). Specifically, all individuals assigned to each of the K groups in the first 
STRUCTURE analysis (individuals with q-value > 0.85) were identified from the dataset. 
Applying the same filtering settings previously used for all individuals, the Populations module 
of STACKS generated separate STRUCTURE-formatted datasets for the individuals in each K 
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group for a second set (within-group) of STRUCTURE analyses. This method ensured that loci 
unique to each group were used to explore within-group patterns of genetic variation. This 
analysis resulted in 2039, 2858, and 2759 loci for each of the three identified STRUCTURE 
groups.  
To relate the STRUCTURE groups to putative taxonomic identities and to further explore 
genetic variation within each of these group, we conducted hierarchical analysis of molecular 
variance (AMOVA; Excoffier et al. 1992) and calculated locus-specific FST among and within 
STRUCTURE groups using ARLEQUIN (v3.5: Excoffier et al. 2005). This analysis included only 
the five purest populations (i.e. sampling sites) of each STRUCTURE group (i.e., those with an 
assignment score –STRUCTURE q-value– of >0.99 for the target STRUCTURE group) to ensure 
taxonomic accuracy by avoiding hybrids.  
 
Species distribution modeling  
 Species distribution modeling (SDM) was used to simulate modern-day potential range 
and hindcast the LGM distribution of the three Alnus taxa. Taxa occurrence records used to 
inform the SDMs were generated from our sampling effort and accessions from herbaria (see 
Figure A2 for details). The final dataset used to build SDMs comprised 83 records for A. viridis 
fruticosa, 141 for A. viridis sinuata, and 96 for A. incana tenuifolia.  
 Climate data were extracted from WorldClim (Hijmans et al. 2005) and selected for 
present and paleo environments (see Note A2). SDMs were then generated with BIOMOD2 
package version 3.3 (Thuiller et al. 2014) implemented in R 3.3.3 (R Core Team 2017; see Note 
A3). We evaluated model performance based on true skill statistics (TSS; Allouche et al. 2006) 
and the area under the receiver operating characteristic curve (AUC; Fawcett 2006). TSS ranges 
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from −1 to +1 where +1 indicates perfect agreement and values of zero or less indicate a 
performance no better than random (Allouche et al. 2006). TSS values ranging from 0.2 to 0.5 
are considered poor, from 0.6 to 0.8 useful, and > 0.8 good to excellent (Coetzee et al. 2009). 
Models with AUC values above 0.75 are considered potentially useful (Elith 2000), a random 
prediction has an AUC of 0.5 on average, and a perfect prediction achieves the maximum 
possible AUC of +1. For each taxon, a unique ensemble SDM was computed from the 50 best 
SDMs out of 700 models (Note A3) based on their TSS values. The final ensemble SDMs were 
projected onto present climate layers to visualize modern-day potential range and on LGM 
climate to hindcast paleodistribution of each taxon. According to Liu et al. (2005, 2013) and 
Thuiller et al. (2009), the probability threshold maximizing the TSS of the ensemble model for 
each taxon was used to delineate areas where the species is likely to be present or absent. Using 
that threshold, sensitivity and specificity represent the proportion of modern presence and 
absence correctly predicted, respectively. 
 
Joint analysis of genomic and paleoSDM results 
 To infer the locations of glacial refugia for Alnus, we employed a novel approach 
integrating two independent analyses: spatial principal components analyses (sPCA) and 
paleoSDM. We performed sPCA separately for each of the three Alnus taxa using the ADEGENET 
package in R (Jombart 2008, Jombart et al. 2008, Jombart and Ahmed 2011). sPCA can detect 
spatial patterns not always associated with the principal components of genetic variation found in 
standard PCA (Szulkin et al. 2016); hence this technique can be especially effective in 
uncovering cryptic refugia (Tausch et al. 2017).  
 19 
The coordinates of each individual were used to create a spatial weighting matrix 
developed with Delaunay triangulation as the connection network. Using this information, the 
sPCA scores summarize spatial patterning and genetic variability among individuals (see Note 
A4 for additional method details). Each of the three sPCA suggested one single significant global 
structure (sPC1, i.e. the highest eigenvalue; see results) that was further analyzed. Genetic clines 
were mapped by interpolating the sPC1 scores over the landscape using the akima R package 
(Akima and Gebhardt 2015). The bottom and top 5% tails for each interpolated sPC1 scores were 
then extracted and used to identify the geographic location of the most differentiated parts of the 
genetic cline (i.e., the putative geographic origin of each genetic lineage) within each taxon.   
To integrate spatial patterns of genetic variation with those of paleoSDM, we calculated 
the mean and maximum hindcast probability of occurrence from paleoSDM in the geographic 
areas delimited by the bottom and top 5% sPC1 tails. Within these areas, a mean occurrence 
probability above the SDM probability threshold value defined in BIOMOD2 indicates that on 
average, the area was climatically suitable for past species presence, whereas a maximum 
occurrence probability above the threshold suggests at least some part of the area was favorable 
during LGM. Combining these two independent lines of evidence, molecular markers and 




 Bayesian clustering analysis implemented in STRUCTURE supports three distinct genetic 
clusters (K = 3) according to ∆K (Figure 1.1a; Groups 1, 2, 3; Figure A3). Hierarchical 
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STRUCTURE analyses divide each cluster into two subgroups supported by ∆K (Figure 1.1a; 
Subgroups 1a and 1b; Subgroups 2a and 2b; Subgroups 3a and 3b; Figure A3).  
Most of our samples belong to Group 1 (red), which is found throughout the northern 
portion of Alaska and roughly split into subgroups along a north-south divide (Figure 1.1b). 
Group 2 (blue) is restricted to southern, mostly coastal Alaska. This smaller group is also clearly 
separated into two subgroups: southwestern Alaska and the Kenai peninsula (Figure 1.1b; Figure 
A4). Group 3 (green) has two distinct genetic subgroups in southern Alaska and south-central 
Yukon (Figure 1.1b; Figure A4).  
The distribution of locus-specific FST between Group 1 and Group 3 is similar to that 
between Group 2 and Group 3 (Figure 1.2a, b). In these comparisons, the mean (multilocus) FST 
estimates are 0.78 and 0.76, respectively, and most loci are fixed for different variants (i.e., FST = 
1; 79% and 57% fixed loci, respectively). Correspondingly, the AMOVAs show that most of the 
molecular variance is found between the STRUCTURE groups (93% in both analyses; Figure 2a, 
b). By contrast, the distribution of locus-specific FST between Group 1 and Group 2 is right-
skewed (i.e., longer tail towards high FST values), and no locus displays fixed differences 
between these two groups (Figure 2c). In fact, while average locus-specific FST value for the 
entire set of loci is 0.21, the top 5% of FST estimates range much higher, between 0.66 and 0.89.  
AMOVA reveals substantial variation (37%) between Group 1 and Group 2 (Figure 1.2c). The 
within-group (i.e., between-subgroup) distributions of locus-specific FST are similar for the three 
STRUCTURE groups (i.e., Kruskal-Wallis χ2 = 0.15, P = 0.93) (Figure 2d-f) and much lower than 
between-group FST. The average locus-specific FST values are 0.045, 0.044, and 0.055, for 
Groups 1, 2, and 3, respectively, and the ranges of values are smaller than for the between-
groups comparisons (ranges = -0.06 to 0.33, -0.06 to 0.30, and -0.07 to 0.56, respectively). 
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However, the molecular variance is still significant between subgroups a and b (2.45%, 1.98%, 
and 3.95% for Groups 1, 2, and 3, respectively; Figure 1.2d-f).  
Based on these results and the known geographic distribution of the three alder taxa in 
the studied species complex (Figures 1.1, 1.2, and A1), we interpret that STRUCTURE Groups 1 
and 2 are the two subspecies of Alnus viridis, A. viridis fruticosa and A. viridis sinuata, 
respectively, whereas Group 3 is a different species, Alnus incana subsp. tenuifolia. The 
Subgroups a and b within each STRUCTURE group represent the genetic structure among 
populations within each taxon. We rely on this interpretation for the remainder of this paper and 
hereafter refer to the taxonomic identification instead of the STRUCTURE groups. 
 
Species distribution models 
 Of the 700 models for each of the three taxa, 299, 663, and 88 meet the criterion to be 
considered useful (TSS > 0.6) for A.  viridis fruticosa, A. viridis sinuata, and A. incana. 
tenuifolia, respectively. For each taxon, the 50 best models are retained for the final ensemble 
SDMs. These models have TSS values ranging between 0.73 and 0.91 for A. viridis fruticosa 
(AUC = 0.90-0.96), between 0.80 and 0.87 for A. viridis sinuata (AUC = 0.94-0.97), and 
between 0.63 and 0.76 for A. incana tenuifolia (AUC = 0.85-0.92).  
The ensemble SDM for A. viridis fruticosa (TSS = 0.73, AUC = 0.92) predicts a current 
distribution above the probability threshold (0.54, sensitivity = 87%, specificity = 86%) 
throughout much of interior Alaska, Yukon, Northwest Territories, and north of British-
Columbia (Figure 1.3a). The potential LGM distribution is entirely north of the Cordilleran Ice 
Sheet, with higher probability of occurrence in northwestern and eastern Alaska and northern 
Yukon (Figure 1.3b). The ensemble SDM for A. viridis sinuata (TSS = 0.77, AUC = 0.94, 
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threshold = 0.52, sensitivity = 94%, specificity = 83%) indicates a modern coastal distribution 
from southern Oregon to southwestern Alaska along with a mountainous distribution in the 
northern Cascades and the Rocky Mountains (Figure 1.3c). The predicted paleodistribution is 
divided by the ice sheets, displaying highest probability of occurrence in southwestern Alaska 
and along the coast of Washington and Oregon (Figure 1.3d). The ensemble SDM for A. incana 
tenuifolia (TSS = 0.76, AUC = 0.93, threshold = 0.52, sensitivity = 92%, specificity = 83%) 
predicts an extensive modern distribution spanning the southern half of Alaska and Yukon, and 
south along the Rockies, the Cascades and the Sierra Nevada, reaching its lowest latitudes in 
California and New Mexico (Figure 1.3e). The potential past distribution of A. incana tenuifolia 
is also divided by the ice sheets with a probability of occurrence slightly above the threshold in 
southern Alaska and widespread occurrence in western United States (Figure 1.3f). 
 
Comparison of genomic and paleoSDM results 
 The sPCAs for all three taxa show a significant global spatial structure (P < 0.001) and 
no significant local structure (P = 0.063, 0.889, and 0.147, for A. viridis fruticosa, A. viridis 
sinuata, and A.incana tenuifolia, respectively) (Figure A5). For all three taxa λ1 (sPC1) is clearly 
the largest eigenvalue in terms of variance and of spatial autocorrelation, suggesting that the first 
axis of these sPCA captures the global spatial structure for each taxon (Figure A5). The extremes 
of the genetic cline (i.e. the 5% tails of the sPC1 scores) are located in different areas for the 
three taxa (polygons in Figure 1.4, see also the complete interpolated surfaces in Figure A5).  
The 5% tails correspond to the ancestral location of the different genetic lineages 
identified by STRUCTURE subgroups. For A. viridis fruticosa, this analysis reveals one lineage in 
northwestern Alaska and another lineage in eastern Alaska and northern Yukon/Northwest 
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Territories (Figure 1.4a). SDMs show that the mean and maximum hindcast probabilities are 
well above the presence threshold in these areas (Table 1.1). A. viridis sinuata has two lineages 
centered in southwestern Alaska and the Kenai Peninsula (Figure 1.4b). SDMs show that both 
mean and maximum LGM probabilities reach the presence threshold in southwestern Alaska but 
that only the maximum hindcast probability is above the threshold in the Kenai Peninsula (Table 
1.1). A. incana tenuifolia has two genetic lineages (Figure 1.4c), centered in south-central Alaska 
and the southern Yukon. SDMs show that both mean and maximum probabilities are above the 
threshold for this species’ occurrence in south-central Alaska but that even the maximum 
probability does not reach the threshold for past presence in southern Yukon (Table 1.1). 
 
DISCUSSION 
 Our samples represent three taxa, including two subspecies of Alnus viridis (A. viridis 
fruticosa and A. viridis sinuata) and a separate species (A. incana tenuifolia) (Flora of North 
America Editorial Committee 1993+), each corresponding to one of the three STRUCTURE 
clusters in our analyses. Species-level differentiations have a prevalence of fixed 
polymorphisms, accounting for most of the molecular variance found between species. By 
comparison, the molecular variance between subspecies is lower, and the right-skewed 
distribution of locus-specific FST indicates that allelic differences are high but not fixed (Figure 
1.2). The overall genetic structure of our samples displays spatial patterns consistent with the 
known distributions of the three Alnus taxa in Alaska and adjacent Canada (Figures 1.1b and 
A1).  
Bayesian cluster analyses further reveal two distinct genetic lineages within each of the 
three Alnus taxa, which show similar distributions of lower locus-specific FST and small but 
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significant molecular variance. These lineages demonstrate unique spatial patterning across our 
study region (Figure 1.1a), suggesting that they originated from isolated earlier populations and 
that Alnus persisted through the LGM in several refugia. Indeed, the patterns within each taxon 
are characterized by sharp, sigmoid transitions with differentiation increasing rapidly over 
relatively short geographic distances (Figure 1.1a), which is consistent for hierarchical, 
genetically defined clusters, but not for founder effects or isolation-by-distance (Ruiz-Gonzalez 
et al. 2015). Consistent with genetic data, species distribution modeling also suggests that Alnus 
existed in several isolated areas of Alaska during the LGM (Figure 1.3). Together these results 
identify areas in northwestern, southwestern, south-central, and eastern Alaska as likely glacial 
refugia for the different lineages of Alnus (Figure 1.4d). Geographic isolation of these lineages 
likely occurred during the LGM and possibly in preceding glacial intervals, which promoted 
genetic drift within and low gene flow among allopatric populations, resulting in divergent 
lineages or, at least, maintaining preexisting genetic divergence (de Lafontaine et al. 2013, Mee 
and Moore 2014).  
Three other areas are probable-to-unlikely refugia of Alnus. First, a lineage of A. viridis 
sinuata might have originated locally from refugial populations that survived through the LGM 
on the Kenai Peninsula or migrated from refugial populations located further south (Figure 1.4d). 
A portion of the Kenai Peninsula was likely favorable for LGM persistence of Alnus, as 
suggested by a maximal presence probability of A. viridis sinuata above the threshold. In this 
area, Alnus might have persisted at glacier margins or in unglaciated refugial pockets such as 
nunataks (Pielou 1991). Second, our sPCA suggests northern Yukon as a source location of the 
A.viridis fruticosa lineage. However, this pattern could represent an artifact of the sampling gap 
between the Canadian and Alaskan populations, as this area was not identified as a source area 
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when the distance between these populations was removed from our analysis of genetic variance 
(data not shown). Third, an A. incana tenuifolia lineage is restricted to southern Yukon. This 
lineage likely has migrated from areas south of the ice sheets in the western United States 
(Figure 1.4d) after the end of the last glaciation, because paleoSDM results do not support LGM 
occurrence of Alnus in this area and the area was covered by the ice sheet (Dyke 2004; Table 1.1; 
Figure A6).  
Assessment of isolated small populations in glacial refugia is challenging using fossil 
data (Gavin et al. 2014). In their review of fossil pollen evidence for glacial persistence of trees 
and shrubs in Alaska, Brubaker et al. (2005) recognized that the pollen maps of Alnus are 
difficult to interpret in terms of past distribution of this genus. Alnus exhibited widespread low 
pollen percentages during the LGM, a pattern indicative of long-distance pollen transport. 
However, initial increases in Alnus in the pollen records were in northwestern Alaska and the 
Kenai Peninsula, suggesting several pockets of glacial persistence within this broad region 
(Brubaker et al. 2005). Our approach combining genetic and SDM supports this hypothesis and 
provides evidence that multiple scattered refugia existed in Alaska during the LGM. Moreover, 
by assuming that Alnus was present during the LGM, previous studies (Anderson and Brubaker 
1994, Gavin and Hu 2013) concluded that Alnus spread rapidly and uni-directionally from west 
to east based on pollen records from north-central Alaska. This conclusion appears valid for the 
northern portion of our sampling range given the results from the genetic analysis (Figures 1.1 
and 1.4d). 
Lisitsyna et al. (2011) recently assessed pollen-vegetation relationships and proposed 
2.5% Alnus in pollen spectra as the threshold value to indicate the local presence of Alnus shrubs 
or trees. Assuming that the 2.5% threshold value for Alnus is applicable to the pollen records 
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from Alaska and adjacent Canada, we re-evaluated the local presence of Alnus at a select subset 
of sites where sediment cores have reasonably reliable chronological controls (see Table A2 and 
Figure A7 for additional information on pollen sites). Alnus was present in the fossil record 
before 18 cal kyr BP in northwestern, southwestern, and eastern Alaska (Anderson and Brubaker 
1994; Hu, unpublished data). Furthermore, Alnus pollen was present in the Kenai Peninsula 
before 14 cal kyr BP (Jones et al. 2009), several thousand years before Alnus appeared in the 
surrounding sites. These patterns in the regional pollen records are generally consistent with our 
molecular and species distribution modeling data in suggesting multiple glacial refugia for Alnus 
and the locations of these refugia (Figure 1.4). We recognize that pollen percentages are 
influenced by a number of factors, and that it is difficult to use low pollen percentage values to 
infer the local presence of plant taxa. In particular, rather than use sustained presence after 
reaching the 2.5% threshold, we recorded presence as the first time Alnus pollen reached this 
threshold. The declines in Alnus pollen after first crossing the 2.5% threshold could be attributed 
to the expansion of Betula and other species or reduced pollen production as a result of a few 
individuals in an unfavorable environment (Hicks 2006). Regardless of whether we use the first 
or sustained appearance of 2.5% Alnus pollen as the criterion of local presence, the overall 
spatial patterns of the taxon’s emergence were similar. Previous interpretations of refugial 
dynamics using pollen were not informed by multiple lines of evidence and thus were 
understandably more conservative about the presence of refugia.  
Alnus is also broadly distributed in far northeastern Russia (Western Beringia, WB), 
which was connected with Alaska through the Bering land bridge (BLB) during the LGM as a 
result of the global eustatic lowering of sea level. Thus Alnus might have migrated to Alaska 
from refugial areas in WB. However, this possibility is not supported by the network of pollen 
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records from Beringia (Brubaker et al. 2005). The abundance of Alnus in these pollen records 
does not display spatiotemporal patterns that would suggest the migration of Alnus across BLB. 
In these records, Alnus expanded markedly by 14,000 cal BP at several WB sites distant from 
BLB, but it did not do so until 10,000 cal BP at the WB sites near BLB and in Alaska, which was 
~1000 years after the flooding of BLB (Jakobsson et al. 2017). Within Alaska, the earliest 
postglacial expansion of Alnus occurred in the northwestern Brooks Range, Kenai Peninsula, and 
southeastern Alaska (Brubaker et al. 2005), instead of in western coastal areas, as would be 
expected if WB had been the source area of postglacial Alnus expansion in Alaska. In 
conjunction with these pollen data, our genetic analyses and species distribution modeling 
provide unambiguous evidence for the existence of multiple refugia within Alaska during the 
LGM. However, our analyses do not allow us to rule out the possibility that Alnus spread from 
WB to Alaska prior to the LGM, as our study focuses on LGM refugia and we do not have 
samples from WB to infer more ancient phylogeographic events. 
All of our inferred areas of glacial refugia for Alnus are mountainous (i.e., the Alaska 
Range, the Brooks Range, and the Kenai Mountains; Figure 1.4d) with great heterogeneity in 
environmental conditions. Thus, local persistence of refugial populations through the LGM was 
likely facilitated by microhabitats that buffered against adverse regional climatic conditions 
(Ackerly 2003, Dobrowski 2011, Hampe and Jump 2011). This interpretation is consistent with 
other studies suggesting that glacial refugia typically occur in areas with complex topography 
and low climate velocity (Corlett and Wescott 2013, Papageorgiou et al. 2014). Rapid adaptive 
evolution may have also played a role in promoting the long-term persistence of refugial 
populations (Kawecki 2008, Hoffmann and Sgrò 2011, Mee and Moore 2014). Populations in 
more buffered sites likely depended less on adaptation to persist through the LGM, whereas 
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those in less buffered sites would have been highly contingent on adaptive capacity. Small, 
isolated Beringian populations, such as the Alnus refugia uncovered here, might have 
experienced stringent selection for traits to cope with the arid, cold conditions of the LGM 
(Edwards et al. 2014). Moreover, local adaptation to LGM climate conditions would reduce 
genetic diversity in microrefugial populations, hindering their capacity to respond to shifting 
environments (Edwards et al. 2014). Although it is possible that these Alnus refugial populations 
experienced high levels of selection, it did not seem to affect their ability to persist and disperse 
after conditions became more favorable following glacial recession. Recent advances in the 
analyses of environmental heterogeneity at high spatial resolution (Dobrowski and Parks 2016) 
and genomic patterns of past adaptation present an excellent opportunity to evaluate the relative 
roles of adaptation and migration in facilitating the survival of small refugial populations through 
periods of pronounced environmental fluctuations (de Lafontaine et al. 2018).  
Our results have important implications for understanding patterns and drivers of past 
vegetation dynamics. The existence of multiple glacial refugia argues against a single front of 
rapid migration as the primary mode of the Holocene recolonization of Alnus in Alaska 
(Anderson and Brubaker 1994, Gavin and Hu 2013). Instead, the Holocene establishment of 
Alnus resulted from the expansion of refugial populations from multiple locations within the 
region that coalesced to form the modern range of Alnus in this region. The role of 
“microrefugial” outposts in supplying colonists for postglacial vegetation expansion has been 
inferred in a number of studies (e.g. McLachlan et al. 2005, Anderson et al. 2006). Our results 
join a number of recent reports to provide evidence that populations from multiple refugia 
contributed to the postglacial range expansions of plant taxa. For example, the modern-day range 
of the Chinese pine (Pinus tabulaeformis) originated from the spread of multiple allopatric 
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populations that persisted through the LGM in the mountains of northern China (Hao et al. 
2018). In western Europe, postglacial vegetation developed from ‘refugia within refugia’ 
(Gómez and Lunt 2007) and from a mosaic of isolated refugial populations (de Lafontaine et al. 
2013, 2014). Hence, evidence is accumulating to support a model of postglacial vegetation 
development that is characterized by multiple population nuclei in isolated glacial refugia and 
the postglacial coalescence of expanding population fronts from multiple directions. 
Our results also offer insights into the climate drivers and paleoclimate interpretations of 
Holocene Alnus in Alaska. The existence of multiple glacial refugia implies that population 
expansions likely have occurred rapidly without time lags associated with long-distance 
migration when climate conditions became suitable. This interpretation lends credence for using 
Alnus pollen records to infer past climate change, arguing against the assumption that Arctic 
pollen analysis is a blunt instrument for paleoclimate reconstruction (Oswald et al. 2003). 
Increased effective moisture during the early to middle Holocene (10-8 cal kyr BP) likely led to a 
series of rapid local expansions, ultimately resulting in the modern range of the Alnus species 
complex in Alaska and adjacent Canada (Anderson and Brubaker 1994, Hu et al. 2001). The 
differences in the timing of Holocene Alnus expansion across this region suggest spatial 
heterogeneity in climate change; for example, the earlier rise of Alnus in the pollen records from 
northwestern Alaska than from eastern Alaska implies that effective moisture increased earlier in 
the former region. Although vegetation responses to climate change are mediated by biotic and 
local environmental controls, such controls are relatively unimportant for Alnus given that Alnus 
is a pioneer in vegetation succession.  
A growing number of studies suggest that during the LGM, multiple arcto-boreal plant 
taxa persisted locally as disjunct small populations that expanded during the postglacial period 
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(e.g., Stewart et al. 2010, Parducci et al. 2012, Edwards et al. 2014, de Lafontaine et al. 2014, 
Birks 2015). Although such studies greatly advanced our understanding of past vegetation 
change, many were unable to go beyond the recognition that refugial populations survived in a 
broad region. Our study demonstrates the power of an integrative approach that combines 
complementary techniques to decipher glacial refugia and population dynamics (Hu et al. 2009, 
Gavin et al. 2014). This integrative approach, coupled with a dense sampling network, allowed 
us to uncover evidence that suggests a constellation of glacial refugia and argue against a single 
front of rapid population spread as the primary mode for the Holocene range development of 
Alnus within Alaska. Studies of other taxa using this integrative approach hold great promise to 
enhance our understanding of the patterns and drivers of vegetation dynamics to past climate 
change.	 	
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TABLE AND FIGURES 
 
Table 1.1. Integration of genome-wide SNPs and hindcast species-distribution modeling. Each 
line refers to a different polygon identified by extracting the bottom and top 5% tails of 
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Figure 1.1. Genetic structure of Alnus in Alaska and adjacent Canada based on hierarchical 
Bayesian clustering analysis. (a) Bar graphs represent the multilocus genetic assignment of each 
individual to a STRUCTURE group. The top graph displays individual assignments to K = 2 
groups. The middle graph shows assignments to K = 3 clusters, illustrating the clear division 
within one of the groups inferred from K = 2. The bottom graph illustrates genetic assignments 
within each of the three STRUCTURE groups, revealing a further subdivision into subgroups. (b) 
Spatial distributions of the Alnus genetic lineages. Pie charts show the frequency of individuals 
sampled in each population that were assigned to each subgroup. Color code follows the bottom 















Figure 1.2. Patterns of genetic variation between (a-c) and within (d-f) STRUCTURE groups. 
Histograms illustrate the frequency distribution of locus-specific FST, and pie charts represent the 
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Figure 1.3. Ensemble species distribution models (SDMs) for (a, b) Alnus viridis subsp. 
fruticosa, (c,d) Alnus viridis subsp. sinuata, and (e,f) Alnus incana subsp. tenuifolia. Top and 
lower panels show distributions predicted with the present and LGM (19-21 kyr ago) climatic 
conditions, respectively. Predicted distribution probabilities above the presence threshold are 











































Figure 1.4.  
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Figure 1.4. (cont) Inferring the locations of Alnus glacial refugia in Alaska from genetic 
analysis, species distribution modeling, and published pollen records. (a-c) Hindcast LGM 
distributions, with polygons representing core locations of genetic lineages. (d) Joint inferences 
from SPCAs, paleoSDMs, and select pollen records (circles) showing the locations of Alnus 
glacial refugia and probable directions of postglacial population expansion (arrows). Filled red, 
blue and green polygons represent the inferred refugia for Alnus viridis subsp. fruticosa, Alnus 
viridis subsp. sinuata, and Alnus incana subsp. tenuifolia, respectively. Empty green polygon 
indicates a genetic lineage of Alnus incana subsp. tenuifolia that likely derived from long-
distance migration. All pollen records used here have AMS-14C chronologies with one exception: 
no pollen record with an AMS-14C chronology is available from northwestern Alaska, but a 
larger pollen dataset with bulk-sediment 14C chronologies revealed early rises of Alnus pollen 
percentages in this region (Anderson & Brubaker, 1994). Numbers represent ages (in kyr) for the 
first occurrence of 2.5% Alnus in pollen records, asterisks indicate 2.5% Alnus pollen in basal 
sediments (i.e., no older sediments were retrieved from these sites), and colored triangles (shades 
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CHAPTER 2: EVIDENCE OF AN ICE AGE REFUGIUM AND GENETIC ISOLATION 





 Naturally occurring range disjunctions provide the opportunity to examine the relative 
roles of long distance dispersal and refugial persistence in biome development since the last 
major period of climate upheaval, the Last Glacial Maximum (LGM). Tamarack larch (Larix 
laricina) is a widespread North American conifer, with a prominent disjunction in the Yukon 
isolating the Alaskan distribution from the more expansive portion of its range, primarily situated 
across Canada. The isolated distribution in Alaska may have persisted in situ through the LGM 
or resulted from postglacial long-distance dispersal. To assess these possibilities, we performed 
chloroplast-marker analyses on foliar samples from 24 Larix laricina populations situated on 
both sides of the range disjunction and conducted ensemble species distribution modeling (SDM) 
to hindcast the probable range of Larix laricina during the LGM. Our genetic analyses 
uncovered a signature of long term isolation in Alaskan larch populations with three endemic 
chlorotypes and relatively low genetic diversity. Combining our results with previous genetic 
analysis of larch across Canada revealed the presence of a distinct Alaskan lineage and 
confirmed the diversity of this Alaskan lineage was drastically lower than both lineages found in 
Canada solidifying the presence of an Alaskan larch refugium during the LGM. Moreover, 
results from our hindcast SDM indicate one of broadest areas of past climate suitability for Larix 
laricina existed in central Alaska, reinforcing the in situ persistence of larch in Alaska during the 
LGM. Given that the Alaskan populations of larch failed to expand into Canada after the LGM, 
the findings from this study caution against the assumed usefulness of isolated climate refugia in 
serving as recolonization outposts after conditions become regionally favorable for expansion. 
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Future conservation efforts aimed at preserving refugia should not only consider suitability but 
also the connectivity of suitable habitat.  
 
INTRODUCTION 
 With many ecosystems under threat from anthropogenic climate change, it is critical to 
understand species responses to past climate shifts in order to help project the impacts of future 
change (Blois et al. 2013). The Last Glacial Maximum (LGM; 23,000-19,000 cal yr BP), and its 
transition into the Holocene experienced widespread changes in climate and species distributions 
(Jackson et al. 1997). Our understanding of the relative importance of ice-age refugial 
persistence versus postglacial long-distance dispersal in the development of modern species 
distributions has advanced greatly with recent studies that integrated fossil, genetic, and 
modeling analyses (Gavin et al. 2014). These studies have called into question the role of long-
distance dispersal as the dominant mechanism of species response to shifting climates (Corlett & 
Wescott 2013; Christmas et al. 2016). In particular, a growing number of phylogeographic 
surveys have demonstrated in situ populations survived in refugia closer to the ice sheets during 
the LGM than previously discernable from other lines of evidence (e.g. McLachlan et al. 2005; 
Anderson et al. 2006; Snell & Cowling 2015; Napier et al. 2019).  
Range disjunctions serve as natural laboratories that allow us to examine the interplay of 
long-distance migration versus refugial persistence in biome development since the LGM (Xiang 
& Soltis 2001; Bernardi et al. 2003; Gvnish et al. 2004; Gussarova et al. 2015; Ruffley et al. 
2018). Because range disjunctions limit gene flow and admixture, dispersal events from 
populations across a disjunction result in detectable genetic signals (Hamilton & Eckert 2007; 
Sanz et al. 2014). Genetic analyses of disjunct populations from a number of species, such as 
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Pinus nigra in western Europe, highlighted the role of LGM refugia (e.g. Afzal-Rafii & Dodd 
2007). These analyses also revealed complex post-glacial population dynamics, uncovering the 
interplay between refugial persistence and long-distance dispersal (Wolf et al. 2001; Escudero et 
al. 2010; Fernandez 2018). For example, refugial populations of Thuja plicata persisted through 
the LGM in the interior of the Pacific Northwest, but long-distance migrants from coastal 
populations dominated the range expansion during the postglacial period (Fernandez 2018). 
These studies yielded important insights into population responses to past climate change. 
Tamarack larch (Larix laricina) is a widespread North American conifer, with a 
prominent disjunction in the Yukon isolating the Alaskan distribution from the more expansive 
range in Canada (Ritche 1987; Warren et al. 2016). The isolated distribution in Alaska may have 
persisted through the LGM or resulted from postglacial long-distance dispersal from more 
southern refugia. Previous studies have provided evidence for the persistence of several boreal 
tree species through the LGM in ice-free areas of Alaska and adjacent Canada (Brubaker et al. 
2005; Zazula et al. 2006; Anderson et al. 2006; Gérardi et al. 2010). Little is known about the 
history of Larix laricina despite several decades of paleoecological studies (Brubaker et al. 
2005). Pollen records of the species are ambiguous but suggest possible presence in parts of 
Alaska at least as early as 14 ka (Brubaker et al. 2005). A recent genetic survey of Larix laricina 
across North America also suggests possible persistence of the species through the LGM in 
Alaska (Warren et al. 2016). However, this survey included one single population from Alaska, 
providing insufficient data to elucidate the development of the larch range disjunction. 
Here we report results of chloroplast-marker analyses on 24 Larix laricina populations 
from Alaska, Northwest Territories, and Alberta. These samples span both sides of the range 
disjunction and provide key information for understanding the spatiotemporal dynamics of Larix 
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laricina. We interpreted these new results in the context of published genetic data on Larix 
laricina (Warren et al. 2016). We also conducted ensemble species distribution modeling (SDM) 
to hindcast the probable range of Larix laricina during the LGM to supplement the 
interpretations of our genetic analyses. Together these results provide the first unambiguous 
evidence for the long-term isolation of this species in Alaska that extends beyond the last glacial 
period and into the present interglacial period. 
 
MATERIALS AND METHODS 
Sampling, DNA extraction, and genotyping  
 We sampled 251 Larix laricina individuals from 24 sites in Alaska and western Canada 
(Table B1). At each site, foliar samples from individuals spaced >100 m apart were collected and 
dried in silica gel. For each individual, DNA was extracted from 18 mg of homogenized tissue 
using Nucleospin 96 Plant II (Macherey-Nagel Inc., Bethlehem, USA). Previous categorization 
of polymorphism for chloroplast DNA (CpDNA) in Larix laricina was conducted by examining 
simple sequence repeats (SSRs) with 20 primer pairs (Vendramin et al. 1996; Warren et al. 
2016). Three polymorphic cpSSR loci were identified: Pt26081, Pt30204, and Pt63718. We 
targeted these three loci for genotyping using the corresponding fluorescently tagged forward 
and reverse primers (Table B2). Each PCR mix contained 1× reaction buffer, 1.5 mm MgCl2, 
0.1 mm of each dNTP, 0.16 µM of each fluorescently labeled primer (Invitrogen, Carlsbad, CA, 
USA), 0.75 unit of Platinum Taq polymerase, and 10 ng of template DNA. Amplification was 
performed by implementing a 3-step program: 1) a 2-minute denaturation at 94 °C; 2) 35 cycles 
of 30-second denaturation at 94 °C, 30-second annealing at 55 °C, 2-minute elongation at 72 °C; 
and 3) a 5-minute final elongation at 72 °C. 
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 The three target cpSSR loci were amplified for all of our larch samples and migrated in 
an Applied Biosystems 3730xl automated sequencer with 50cm capillary arrays using LIZ500 
fluorophores (6-FAM, VIC, NED) by the W.M. Keck Center at the University of Illinois. 
Fragments were then scored using the GeneMapper program (Applied Biosystems). Chlorotypes 
were obtained by concatenating alleles obtained at the three loci.  
A previous study (Warren et al. 2016) used these same three cpSSR loci to explore 
genetic patterns for Larix laricina across 589 individuals from 45 populations sampled across 
eastern and western Canada (Table B1). We combined our new genotyping results with these 
previous data resulting in 840 genotyped individuals spanning the full range of Larix laricina. 
The combined dataset provides an opportunity to examine range-wide genetic variation, allowing 
us to contextualize the genetic diversity present in the disjunct Alaskan population.   
 
Genetic diversity, population structure, and differentiation of identified populations 
 Within-population chlorotype diversity (HS), which is the equivalent to expected 
heterozygosity for diploid data (Weir 1996), was calculated with FSTAT 2.9 (Goudet 1995). We 
conducted a Bayesian analysis of the population structure across all genotyped Larix laricina in 
BAPS 6.0 (Corander et al. 2008) using ‘spatial clustering of groups’ that identifies genetically 
homogenous populations based on the cpDNA polymorphisms. BAPS assigns populations in a 
preset number of user-defined groups (the k-value) seeking to maximize the differentiation 
among groups by considering the number of requested groups and their allele frequencies as 
varying parameters. The optimal k-value (i.e. number of groups) is determined by running 10 
replicates of k=2 through 10 and then selecting the scenario that has the highest estimated 
probability and lowest log marginal likelihood. Between the identified groups, an Analysis of 
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Molecular Variance (AMOVA) and pairwise FST calculations were implemented in FSTAT 2.9 
to detect patterns of differentiation (Goudet 1995).  
 
Species distribution modeling 
 Species distribution modeling (SDM) was used to simulate modern-day potential range 
and hindcast the LGM distribution for Larix laricina. Occurrence records used to inform the 
SDMs were generated from our sampling sites and herbaria records (Figure B1). The final 
dataset used to build the SDMs comprised 341 occurrence records. Climate data were extracted 
from WorldClim (Hijmans et al. 2005) and selected for present and paleo environments (see 
Note B1). SDMs were then generated with BIOMOD2 package version 3.3 (Thuiller et al. 2016) 
implemented in R 3.3.3 (R Core Team 2017; see Note B2). We evaluated model performance 
based on true skill statistics (TSS; Allouche et al. 2006) and the area under the receiver operating 
characteristic curve (AUC; Fawcett 2006). TSS ranges from −1 to +1 where +1 indicates perfect 
agreement and values of zero or less indicate a performance no better than random (Allouche et 
al. 2006). TSS values ranging from 0.2 to 0.5 are considered poor, from 0.6 to 0.8 useful, and > 
0.8 good to excellent (Coetzee et al. 2009). Models with AUC values above 0.75 are considered 
potentially useful (Elith 2002), a random prediction has an AUC of 0.5 on average, and a perfect 
prediction achieves the maximum possible AUC of +1. A unique ensemble SDM was computed 
from the 50 best SDMs out of 700 models (Note B2) based on their TSS values. The final 
ensemble SDMs were projected onto present climate layers to visualize modern-day potential 
range and on LGM climate to hindcast paleodistribution of Larix laricina. According to Liu et al. 
(2005, 2013) and Thuiller et al. (2009), the probability threshold maximizing the TSS of the 
ensemble model for each taxon was used to delineate areas where the species is likely to be 
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present or absent. Using that threshold, sensitivity and specificity represent the proportion of 




 Genetic analysis on our 24 populations of Larix laricina revealed endemic chlorotypes in 
Alaska and different levels of diversity across the range disjunction. By concatenating the three 
polymorphic cpSSR loci, we identified 29 multilocus chlorotypes (Figure 2.1; Figure 2.2a; Table 
B1), 12 of which had a frequency higher than 1%. Of the 17 remaining chlorotypes (i.e. those 
with a frequency less than 1%), eight (~47%) were singletons. A minimum spanning tree, which 
places chlorotypes with similar molecular variation close together and more differentiated 
chlorotypes further apart, was mapped to determine the relationship between all detected 
chlorotypes. This tree identified three closely related chlorotypes unique to Alaska (N1, N2, N3; 
Figure 2.1). Our larch samples exhibited dominance of a single chlorotype (XV) in Alaska, and 
greater evenness of the chlorotypes in Canada across the disjunction (Figure 2.2a, b).  
We merged our results with those of Warren et al. (2016) for the same species to examine 
the spatial patterns of genetic variation across North America. BAPS revealed three distinct 
population clusters (Figure 2.2c; Table B1): group 1 in eastern Canada, group 2 in western 
Canada, and group 3 in Alaska (Figure 2b). Population differentiation between these three 
clusters varied greatly, as demonstrated by the distribution of pairwise FST between the BAPS 
groups (Figure 2.3). Groups 1 and 2 are not highly differentiated (mean FST= 0.13), Groups 1 and 
3 are highly differentiated (mean FST=0.5), and Groups 2 and 3 show an intermediate level of 
differentiation (mean FST=0.31). AMOVA analysis (Table 2.1) found that 30% of the molecular 
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variance is accounted for by the three BAPS groupings (FCT=.295). A mere 4% of the variation 
is explained by populations within the BAPS groups (FSC=.055), and the remaining 66% is 
contained by variance among individuals within the populations (FST=.334). According to a 
Tukey’s Honest Significant Difference (HSD) on the HS statistics of the populations within each 
of the three BAPS groupings, the level of molecular diversity in the two BAPS groups in Canada 
are roughly equivalent, which is significantly higher than that of the Alaskan larch populations 
(Figure 2.4).  
 
Species distribution models 
 Of the 700 models for Larix laricina, 368 meet the criterion to be considered useful (TSS 
> 0.6). We retained the 50 best models for the final ensemble SDMs, with TSS values ranging 
between 0.70 and 0.81. The ensemble SDM for Larix laricina predicts a modern distribution 
above the probability threshold throughout interior Alaska and continuously throughout eastern 
and western Canada (Figure 2.5). Various metrics (TSS = 0.709, AUC = 0.928, threshold = 0.41, 
sensitivity = 95%, specificity = 75%) indicate that this ensemble SDM performs very well and is 
useful for projecting the potential distribution of Larix laricina.  The potential LGM distribution 
occurs in three distinct, isolated locations including modern Alaska, far eastern Canada, and 
south of the ice sheets (Figure 2.5). Of these three locations, the largest block of highly suitable 
habitats for larch occurs within the region that is now central Alaska.  
 
DISCUSSION 
Our genetic results from the 24 Larix laricina populations revealed distinct spatial 
patterns. The populations from Alaska harbor three endemic chlorotypes (N1, N2, and N3) and 
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are largely dominated by a single chlorotype (XV; Figure 2.1, 2.2). The overall genetic diversity 
of the Alaskan group is significantly lower than what is found in populations directly across the 
disjunction as well as the primary Canadian distribution (Figure 2.2a; Figure 2.4). The clear 
division of the Larix laricina populations between eastern Canada, western Canada, and Alaska, 
as indicated by the cpDNA Bayesian analysis, suggests the existence of three distinct ice-age 
refugial lineages (Figure 2.2c). These three lineages are further supported by the presence of 
chlorotypes endemic to each BAPS group (Figure 2.1, 2.2). The two lineages in eastern and 
western Canada were previously reported based on allozyme and cpDNA polymorphisms 
(Cheliak et al. 1988; Warren et al. 2016). Our results provide new evidence for a third genetic 
lineage in Alaska, supporting speculation of a glacial refugium based upon the cpDNA analysis 
of a single Alaskan population (Warren et al. 2016).  
The low genetic diversity of Larix laricina probably reflects long-term isolation and 
erosion of genetic diversity due to drift (i.e. Frankham 1996; Spielman et al. 2004; Willi et al. 
2007). Mutation rates in cpDNA and cpSSR loci are low in conifers (Schaal & Olsen 2000; 
Provan et al. 1999, 2001). For example, a conifer cpDNA study examining an 8,500-year-old 
bottleneck was unable to detect any mutations within 17 cpSSR loci and calculated that 
accumulating even a single mutation would likely require many additional generations (Provan et 
al. 1999). Thus, the endemic chlorotypes and multiple other chlorotypes that are one mutation-
step away from the most common chlorotype (XV) in Alaska strongly suggest prolonged refugial 
isolation in the region (Figure 2.1). This geographic isolation likely predated the LGM, 
permitting little-to-no gene exchange with the populations in Canada, promoting genetic drift in 
Alaska, and resulting in an increasingly divergent Alaskan lineage (de Lafontaine et al. 2013; 
Mee & Moore 2014).  
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Our SDM results corroborate the genetic data discussed above, supporting three LGM 
refugia for larch in North America (Figure 2.5). These results suggest that one of the broadest 
areas of past climate suitability for Larix laricina existed in central Alaska, which was 
unglaciated during the LGM (Kaufman & Manley 2004). In this scenario, the withdrawal of 
many Alaskan competitors into small refugial habitats during the LGM would have provided 
larch with the potential opportunity to occupy a broader range than present. Evidence for such 
reverse-refugial dynamics (i.e. expansion rather than contraction) has been found in other tree 
taxa during the LGM (Bisconti et al. 2011; Leite et al. 2016). However, the extent of the LGM 
distribution in Alaska may be overestimated by SDM, possibly because of inaccurate 
paleoclimate data or the assumption of a static relationship between species and climate (Guisan 
& Thuiller 2005; Gavin et al. 2014). Abundant fossil pollen records are available from Alaska 
(Brubaker et al. 2005; Lozhkin & Anderson 2011), and they do not provide evidence for 
pervasive larch persistence during the LGM and early postglacial. Although larch pollen is 
extremely underrepresented in sediment records and pollen records spanning the LGM are rare 
(Brubaker et al. 2005), it is unlikely that a broad distribution of Larix laricina in LGM did not 
leave fossil pollen evidence.  
An alternative explanation is that the harsh regional climate regime of the LGM only 
allowed pockets of low-density populations to persist within the areas broadly identified by the 
hindcast SDM. Survival of such populations suggests that local buffering from, or adaptation to, 
regionally unsuitable climates enabled the in situ persistence of plants during the LGM (Rull 
2009; Dobrowski 2011; de Lafontaine et al. 2018; Napier et al. 2019). Although larch currently 
inhabits mainly lowland areas of Alaska, the hindcast SDM includes many topographically 
diverse regions containing heterogeneous environments where varying precipitation, solar 
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radiation, and temperature create a complex mosaic of local conditions decoupled from broader 
regional climate trends (Dobrowski 2011; Gavin et al. 2014). The heterogeneous landscape of 
Alaska might have provided sheltered microhabitats and an effective climate buffer during the 
LGM for many species (Napier et al. 2019).  
If larch did survive in low density pockets of persistence during the LGM, an alternative 
to local climate buffering could be that refugial populations may have been forced to adapt to the 
stringent selective pressure associated with the colder and more arid LGM conditions (Edwards 
et al. 2014). Larch is not only currently a lowland species in Alaska, our hindcast SDM indicates 
this could have also been the case during the LGM. Lowland habitats tend to experience the 
highest climate velocity suggesting lowland larch populations would have experienced 
proportionally stronger selective pressure compared to more buffered highland populations 
(Loarie et al. 2009; Bertrand et al. 2011). While lower genetic variation is often associated with 
reduced adaptive potential, recent work postulates that that levels of standing variation do not 
necessarily reflect adaptive potential (Willi et al. 2006; Willi et al. 2007). In fact, evidence 
suggests that a population’s adaptive potential is determined by many other factors such as the 
number of loci underlying a trait, selection intensity, mode of selection, and environmental stress 
(Willi et al. 2006). Therefore, despite the low genetic diversity observed in our Alaskan larch 
populations, an adaptive response to high climate velocity in the lowlands may have been a 
crucial factor in mitigating a harsh regional climate.  
Our results join a growing body of research demonstrating the ice-age persistence of 
cryptic refugia in areas previously thought to be climatically unsuitable during the LGM (e.g. 
Stewart & Lister 2001; Provan & Bennett 2008; Roberts & Hamann 2015; Zeng et al. 2015; 
Napier et al. 2019). However, our findings also highlight the peril of presenting refugia as a 
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panacea to surviving periods of climate change. A commonly cited goal for identifying past 
refugia is to improve our ability to detect future refugia that will shelter plant taxa from 
anthropogenic climate change with the assumption these regions will be important in re-
colonization efforts (Gavin et al. 2014). However, even if these regions are climatically suitable, 
dispersal limitations to and from those areas could limit their usefulness (Blois et al. 2013). The 
Alaskan larch populations are emblematic of this issue, as though they persisted through adverse 
regional climate shifts they remained in isolation even after the environment shifted to provide 
more favorable regional conditions. With an increasingly fragmented modern landscape (Haddad 
et al. 2015), even refugia identified within current species ranges may be too isolated to expand, 
and, as with larch, long distance dispersal across widening disjunctions may not be plausible for 
many plant taxa. This suggests that refugial persistence would be an ineffective response to 
anthropogenic climate change if protected populations are left in isolation. Hence, conservation 
efforts need to consider not just areas of suitable climate (i.e. refugia) but the level of 











TABLE AND FIGURES 
Table 2.1.  Results from the Analysis of Molecular Variance (AMOVA) accounting for the 
sources of molecular variance: BAPS groups, sampling populations, and between individuals in 
the sampling populations.  
 
Source of variation df SS VC 
Variation 
(%) F-statistics 
Among BAPS groups 2 64.99 0.1266 29.48 FCT = 0.295 
Among populations 
within BAPS groups 66 32.31 0.0167 3.9 FSC = 0.055 
Within populations 770 220.35 0.2862 66.63 FST = 0.334 






















Figure 2.1. The minimum spanning tree for all chlorotypes detected across the range of Larix 
laricina. Chlorotypes with a frequency below 0.01 are represented as white circles, and 











Figure 2.2. (cont.) Geographical distribution of a) chlorotypes (from Figure 1 and Table B1) 
from populations on either side of the range disjunction as well as b) chlorotypes and c) Bayesian 
















Figure 2.3. Distirbution of pairwise FST between the populations from two BAPS groupings at a 
time. BAPS group 1 (eastern Canada) and 2 (western Canada) are not very differenitated while 
BAPS group 1 shows a high level of differentation with BAPS group 3 (Alaska). BAPS group 2 




Figure 2.4. Comparisons of molecular diversity (quantified by HS, the within population 
chlorotype diversity) in the populations of each BAPS cluster located in eastern Canada, western 
Canada, and Alaska.  Each boxplot indicates the ranges and average diversity for each group 
with the letters indicating the results of testing whether the levels of diversity were statistically 
different between the groups (Tukey’s HSD). Groups with the same letter indicate the levels of 
diversity are not statistically different while groups not sharing letters are statistically different 






Figure 2.5. Ensemble species distribution models (SDMs) for Larix laricina. The top and lower 
panels show distributions predicted with the present and LGM (19-21 kyr ago) climatic 
conditions, respectively. Predicted distribution probabilities above the presence threshold are 
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CHAPTER 3: EXPLORING GENOMIC VARIATION ASSOCIATED WITH DROUGHT 




 Predicted increases in drought and heat stress will likely induce shifts in the 
bioclimatic envelopes of forest species on most continents. Genetic variants adapted to water 
limitation may prove pivotal for species response under scenarios of increasing drought. In this 
study, we investigated genetic patterns in 16 populations of black spruce (Picea mariana) in 
relation to climate variables in Alaska. A total of 520 single nucleotide polymorphisms were 
genotyped for 158 trees sampled in nine warmer, drier sites in the interior and seven cooler, 
wetter sites closer to the southern coast of Alaska. Using a combination of multivariate and 
univariate genotype-by-environment approaches, we identified nine SNPs associated with 
climate, of which five were related to drought stress response. Outlier SNPs with respect to the 
overall environment were significantly overrepresented for several biological functions 
relevant for coping with variable hydric regimes, including osmotic stress response. These 
genomic imprints probably reflect adaptive response of black spruce to climatic contrasts 
among our sites throughout the last glacial-interglacial cycle. Our results suggest local 
adaptation of black spruce to contrasting climatic regimes and highlight drought stress 
response during the Quaternary.  
 
INTRODUCTION 
 Impending climate change is predicted to induce drastic shifts in the bioclimatic 
envelopes of forest species on most continents (Hughes et al. 1996; Mckenny et al. 2007; 
Mckenny et al. 2011). These predictions suggest that many forest taxa will face challenges 
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related to spatial redistribution and increased mortality risk due to drought and heat stress 
(Allen et al. 2010; Peng et al. 2011). In fact, latitudinal and altitudinal migrations have 
already been observed for many forest taxa (Lenoir et al. 2008) and the negative impact of 
emergent drought stress has been widely documented in tree species across the globe (Calder 
& Kirkpatrick 2009; Peng et al. 2011; Ma et al. 2012; Chen & Luo 2015). Prognosticated 
climate scenarios suggest increased frequencies of summer drought, which may adversely 
impact trees that are particularly vulnerable to high conductivity losses following severe 
summer droughts (McDowell et al. 2008; Zwieniecki & Secchi 2015; Rosner et al. 2018).  
In response to predicted climate shifts, trees may exhibit one of several responses 
including range shifts, local extinction, or adaptation (Aitken et al. 2008; Christmas et al. 
2016; de Lafontaine et al. 2018). Because of the long generation time of many tree taxa, slow 
adaptations arising from new mutations may not be adequate to curb the effects of 
accelerating anthropogenic climate change (Huntley 2007; Allen et al. 2010). Despite these 
concerns, locally adapted genetic variants are prevalent in many species (e.g. Santamaría et al. 
2003; Riihimäki et al. 2005; Savolainen et al. 2007; Fournier-Level et al. 2011; Alberto et al. 
2013). Adaptive responses from standing genetic variation in response to rapidly changing 
environments is a much faster process than mutations (Barrett & Schluter 2008, de Lafontaine 
et al. 2018). Thus, local populations of widespread tree taxa that experience relatively warm 
and dry summer conditions in some portion of the species range may already contain in situ 
genotypes that are better adapted to drought stress. Such genotypic variants represent useful 
sources of genetic variation for managing populations to enhance resiliency to future climate 
shifts (Christmas et al. 2016).  
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The boreal forests of Alaska span a broad range of temperature and moisture gradients 
(Chapin et al. 2006; Shulski & Wendler 2007). Conifer trees are common throughout this vast 
region with black spruce (Picea mariana) as a dominant species under a variety of 
environmental conditions (Fryer 2014). For instance, black spruce communities are exposed 
to warmer, drier summers in interior Alaska than more coastal regions, inducing episodes of 
stressful drought (Barber et al. 2000; Shulski & Wendler 2007). Decreased tree growth has 
been associated with increasing summer temperatures, and carbon isotope analyses have 
revealed pervasive drought stress of black spruce forests throughout interior Alaska (Walker 
et al. 2015; Wolken et al. 2016). Dissimilar environmental regimes thus represent contrasting 
selective pressures in the Alaskan black spruce populations. Although black spruce itself may 
not be under extinction threat from anthropogenic climate shifts due to its broad distribution, 
this system can still provide valuable insight for other conifer taxa that will be greatly 
impacted by future drought stress (Broadmeadow & Ray 2005; Williams et al. 2013).  
Genotype–environment associations (GEAs) are increasingly being used to assess 
genomic imprints consistent with natural selection, providing insights on adaptive responses 
of species to climate change (Sork et al. 2013). Many adaptive processes are expected to 
result in weak, multilocus signatures due to polygenic adaptation from standing variation, 
rather than selection on new mutations rapidly rising to fixation (Hornoy et al. 2015). 
Detecting these weak signals through univariate GEAs is complicated by correcting for 
multiple comparisons (François et al. 2016). However, combining conventional univariate 
approaches with new multivariate techniques could retain the strengths of the univariate 
approach in detecting associations while minimizing false positives without relying on stringent 
corrections that preclude the detection of weaker genomic signals (Forester et al. 2018). In this 
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study, we used a combination of multivariate and univariate GEA approaches to identify 
genetic variants statistically associated with key climate variables within a panel of single 
nucleotide polymorphisms (SNPs) located in expressed genes of conifer Picea glauca (Pavy 
et al. 2013). By taking advantage of a sampling scheme that encompasses contrasting climate 
regimes, this study provides insight into local adaptive response to climatic selective pressure 
in a widespread boreal conifer.  
 
MATERIALS AND METHODS 
DNA extraction and genotyping assay 
 We sampled 158 black spruce individuals from 16 sites in Alaska with a wide range 
(ca. seven-fold difference) of summer heat-to-moisture index (SHM), where lower values 
indicate cooler, wetter conditions and higher values indicate hotter, drier summer conditions 
(Figure 3.1). At each site, needles from ca. 10 individuals spaced >100 m apart were sampled 
and dried in silica gel. For each individual, DNA was extracted from 18 mg of homogenized 
dry tissue using Nucleospin 96 Plant II (Macherey-Nagel Inc., Bethlehem, USA). The SNP 
genotyping assay was performed using an Illumina iSelect Infinium array (Illumina Inc., San 
Diego, CA) developed for population genetics, genomic prediction, and linkage mapping 
purposes in Picea glauca (Pavy et al. 2013). Specifically, the array is a subset of the PgLM3 
genotyping SNP (Pavy et al. 2013) consisting of 6000 beads with one bead per SNP and each 
of these SNPs was related to a different gene designed to maximize the number of uniquely 
informative SNPs and gene loci assayed in our panel. A total of 5308 SNPs were successfully 
genotyped. From these, 4788 SNPs were discarded based on a call rate cutoff of 0.75 (average 
call rate ~0.97; median call rate ~0.99) and a minor allele frequency (MAF) of 0.05. The 
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largest number of removed loci were either monomorphic (n = 1790) or uninformative given 
their low MAF (n = 2902) in the sampled Alaskan black spruce populations. Of the remaining 
SNPs, 96 were removed based on the low call rate, resulting in a final data set of 520 
polymorphic SNPs. According to Pavy et al. (2013), interspecies SNP transferability of the 
PgLM3 genotyping array to black spruce is 18%. Our selection criteria for SNP inclusion are 
more stringent compared to those of Pavy et al. (2013) (call rate = 0.5; MAF = 0.01), 
explaining the lower SNP transferability (9%) in our dataset. 
 
Neutral genetic structure 
 As with any other population genomic approach, GEAs may be biased by the presence 
of unaccounted genetic structure across sampled populations (Excoffier et al. 2009, de 
Villemereuil et al. 2014). We evaluated neutral genetic structure using the Bayesian clustering 
algorithm implemented in STRUCTURE (v2.3.4; Pritchard et al. 2000, Falush et al. 2003). In 
STRUCTURE, an admixture model with correlated allele frequencies was used with no prior 
information. The analysis consisted of 20,000 burn-in steps and 100,000 replicates of 1-10 
genotypic groups (K), each of which was run 10 times. The optimal K value was evaluated 
based on ∆K implemented in STRUCTURE HARVESTER (Evanno et al. 2005, Earl and vonHoldt 
2012) as well as a visual comparison of results from each K. This analysis, including all 520 
SNPs, is assumed to be largely representative of neutral variation. However, this assumption 
could be violated because the SNP array was specifically designed for the inclusion of 
functional genes potentially submitted to natural selection. Hence, we tested each SNP for 
departures from Hardy–Weinberg equilibrium (HWE) using the pegas package in R (Paradis 
2010) and then re-ran STRUCTURE using only the putatively neutral SNPs that did not violate 
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the assumptions of HWE. Because the two resulting matrices of ancestry (i.e. two sets of 
STRUCTURE q-values) were highly correlated, subsequent analyses relied on the initial 
STRUCTURE analysis (i.e. including all 520 SNPs) to account for the neutral genetic structure 
of the sampled black spruce populations (Note C1).  
 
Genotype Environment Association Analyses 
 Among GEAs approaches, univariate methods, which test one locus and one predictor 
variable at a time, are the most commonly used (Forester et al. 2018). They perform well for 
detecting significant associations but can be either prone to false-positives without corrections 
or overly conservative when correcting for the sheer number of tests associated with genomic 
studies (François et al. 2016). Consequently, univariate GEA methods struggle to detect loci 
under weak selection (Forester et al. 2018). Multivariate approaches are more effective to 
uncover weak, multilocus genomic imprints as they consider how groups of markers covary 
with a set of environmental predictors (Rellstab et al. 2015). However, because the 
multivariate approach looks for loci that exhibit unusual patterns across all variables, a locus 
may appear as an outlier when it is not strongly related with climate.  
 We thus relied on overlapping results of GEA from multivariate and univariate 
analyses to detect statistically significant correlations between genotypes and climatic 
variables. These analyses were used jointly to identify a set of SNPs displaying association 
between allele frequencies and environmental gradients, based on a series of climatic 
variables extracted for each sample location using Climate WNA, which generates scale-free 
climate data through a combination of bilinear interpolation and elevation adjustments (Wang 
et al. 2016). A total of eight environmental variables were selected (mean annual temperature, 
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mean warmest month temperature, mean coldest month temperature, continentality, mean 
annual precipitation, annual heat-to-moisture index, summer heat-to-moisture index, and 
summer solar radiation) after screening the full set of annual and seasonal climate variables 
for collinearity (r < 0.80) from the baseline Climate WNA dataset (Dormann et al. 2013).  
We used redundancy analysis (RDA) to identify SNP loci associated with the 
environment (Forester et al. 2018). RDA is a constrained ordination technique that can detect 
putative selective processes that create even weak molecular signatures by determining how a 
set of loci covary with the environment (Rellstab et al. 2015; Forester et al. 2018). According 
to Forester et al. (2018), RDA consistently demonstrated a desirable combination of high true-
positives and low false-positives across all levels of selection. One caveat to this approach is 
that neutral population genetic structure might bias the results leading to false positives 
(Excoffier et al. 2009). To account for this possibility and the effect of geographic distance, 
we slightly modified the approach to a partial redundancy analysis (pRDA) by adding a 
conditioned matrix consisting of geographic coordinates (latitude and longitude) and ancestry 
coefficients (q-values) from STRUCTURE analysis. Using the R package vegan, we conducted 
the pRDA analysis (Oksanen et al. 2016). First, multivariate linear regression was used on the 
minor allele counts (i.e. 0, 1, or 2) of each locus and the extracted climate variables to 
produce a matrix of fitted values. PCA was then performed on this matrix to generate 
canonical axes that were linear combinations of the predictors (Legendre & Legendre 2012). 
For each significant RDA axis, we extracted the loadings, which were approximately 
normally distributed. SNPs loading at the tails are more likely under selection by the 
predictors (i.e. climate), so we identified all markers that fell within 2.5 standard deviations 
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(two-tail p-value = 0.012) from the center as putative loci under selection (Forester et al. 
2016, 2018).  
We used hierarchical Bayesian mixed modeling as the univariate approach in this 
study. Specifically, latent factor mixed models (LFMM) were used to identify black spruce 
allele-environment correlations with neutral population structure modeled as ‘latent factors’ 
(Frichot et al. 2013). The LFMM approach was implemented in the R package LEA (Frichot 
& Francois 2015). The number of latent factors (K) was determined by comparing results 
from the STRUCTURE analysis (i.e. delta K) with the smnf function available in LEA that 
estimates ancestry coefficients with spare non-negative matrix factorization (i.e. cross-entropy 
criterion for each K). A model was run for each of the eight environmental variables. Loci 
statistically associated with a climate variable were then compared to the results from our 
partial RDA. Those SNPs jointly flagged by both approaches were assumed as candidate loci 
under selection by climate.  
Lastly, we used available Gene Ontology (GO) annotations to explore possible 
functional implications of the genes associated with climate across the sampled black spruce 
populations. TAIR (The Arabidopsis Information Resource; Lamesch et al. 2011) annotations 
of the candidate loci were retrieved based on their homology with sequences from the most 
complete gene catalogue of Picea glauca (Rigault et al. 2011). To determine if the genomic 
imprints may be related to environmental factors, statistical overrepresentation tests were 
performed using the PANTHER classification system (Mi et al. 2013, 2016). This analysis 
determines whether the outlier SNPs identified by the partial RDA approach were 
overrepresented for biological functions (Mi et al. 2013) with respect to the list of 520 SNPs 
assayed. The enrichment analysis was run on all SNPs identified by partial RDA, rather than 
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the few markers jointly identified by both approaches, in order to achieve sufficient statistical 
power and include more genes putatively under weak selection. Presence of significant 
enrichment was determined by using Fisher’s exact tests of biological processes related to 
Gene Ontology.  
 
RESULTS 
STRUCTURE analysis of the 520 polymorphic SNPs supported two distinct genetic clusters (K 
= 2) (Figure C1). Assessing all 520 SNPs for HWE using pegas and correcting for multiple 
testing procedures (Bonferroni’s correction at a = 0.05) indicated that 201 SNPs did not violate 
the assumptions of HWE. Running STRUCTURE using this subset yielded nearly identical results; 
the matrices of ancestry coefficients (q-values) from the two STRUCTURE analyses were strongly 
correlated (r = 0.94). We used the q-values from the analysis of all SNPs to remove the effects of 
neutral genetic structure in the pRDA.  
The pRDA conditioned on geographic location and neutral genetic structure resulted in 
two significant canonical axes according to F-tests from an analysis of variance (p-value < 
0.05; Table C2). Both axes followed an approximately normal distribution, which allowed us 
to identify outlier loci based on standard deviations (Figure C2). We uncovered 11 and 10 
outlier SNPs on the first and second axis, respectively. One SNP was flagged as an outlier on 
both axes, leaving a total of 20 unique outlier SNPs (Figure 3.2).  
The univariate LFMM analysis revealed that 30-58 SNPs were statistically associated 
with each climate variable (Figure 3.3, Table B3). Nine of the 20 outlier SNPs flagged by 
partial RDA were also identified in one of the LFMM models (Table 3.1; Figure C4). These 
intersecting results of the two statistical approaches (i.e. the nine SNPs identified by both 
 77 
GEAs) were assumed to be the most likely candidate loci of potential adaptation to selection 
by climate.    
 The genes encompassing these nine candidate SNPs were annotated based on their 
homology with sequences from the most complete gene catalogue of Picea glauca (Rigault et 
al. 2011) to assess their potential biological functions (Table 1). Of the nine SNPs, five 
(GQ03105_E17, GQ03515_C04, GQ03615_N10, GQ03514_F14, and GQ03712_C02) are 
reportedly related to drought responses, two (GQ04102_G23 and GQ0163_M01) are related 
to hydrolysis, and the remaining two (GQ0259_L19 and GQ04103_E16) are not currently 
annotated (Table 3.1). Based on Gene Ontology annotations from TAIR, enrichment tests 
using the PANTHER classification system (Mi et al. 2013) showed that the gene SNPs flagged 
by pRDA have biological functions that distinguish them from the full set of 520 SNPs 
assayed in the study. These gene SNPs are significantly overrepresented for several biological 
functions relevant for coping with variable hydric regime, including response to abiotic 
stimulus, stress response, pollen development, and osmotic stress response (Figure 3.4; Table 
C4).   
 
DISCUSSION 
With mounting evidence that black spruce in interior Alaska experiences drought stress 
(Walker et al. 2015; Wolken et al. 2016), we explored the possibility that the standing genetic 
variation of this species display a genomic imprint consistent with local adaptation. Black 
spruce grows under warmer and drier conditions in the Alaskan interior than in the more 
southern sites closer to the coast (Chapin et al. 2006; Shulski & Wendler 2007; Wang et al. 
2016). Our sampled populations span these climatic differences (Figure 3.1). Joint inferences 
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from a pRDA and LFMMs identified nine SNPs that displayed significant associations with 
climate variables, suggesting local adaptation to environmental selective pressure (Sork et al. 
2013; Rellstab et al. 2015).  
Gene annotations of the nine candidate SNPs revealed that five of them were related to 
drought stress response pathways (Lamesch et al. 2011; Table 3.1). Moreover, gene 
enrichment analysis of the outliers from the partial RDA indicated that the osmotic stress 
response is statistically overrepresented in the outliers when compared with the background of 
all 520 SNPs (Figure 3.4; Table C4). These five candidate loci suggest variable possible 
mechanisms of adaptation (Table 3.1). One of these loci is related to cinnamate-4-
hydroxylase, which is a pivotal enzyme in drought response pathways (Table 3.1; Betz et al. 
2001; Cabane et al. 2012). A previous study on loblolly pines (Pinus taeda L.) also found that 
genetic regions related to cinnamate-4-hydroxylase were under selection in response to 
drought (Koralewski et al. 2014). Our analysis of GEAs also highlighted loci related to 
glutathione peroxidase (Table 3.1). An experimental study on the drought-tolerant conifer 
Aleppo pine (Pinus halepensis) found that genetic regions related to glutathione peroxidase 
were upregulated in response to experimental drought (Fox et al. 2017). Further exploring 
these genetic regions and ascertainment of candidate SNPs through inclusion of phenotypes 
will be necessary to understand how black spruce adapts to drought conditions.  
Our STRUCTURE analyses revealed two distinct lineages that were spatially clustered 
across the sampled black spruce populations (Figure C3). Although this analysis was 
primarily used to control neutral genetic structure in this study, the two clusters probably 
reflect distinct black spruce refugia in Alaska during the Last Glacial Maximum (Gérardi et 
al. 2010). The interior populations probably have been exposed to many millennia of selective 
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pressure of low effective moisture relative to the populations in the more southerly sites. This 
selective pressure was likely more severe during the last glaciation and the early Holocene, 
when the region was much drier than during the late Holocene (Edwards et al. 2001; Kaufman 
et al. 2016). Thus the genomic imprints of black spruce, as documented by our study, 
probably reflect adaptive response to climate contrasts among our sites throughout the last 
glacial-interglacial cycle. The degree to which adaptation signals in modern populations are 
due to the accumulation of past genetic variation in response to Quaternary environments is 
difficult to disentangle. Although the role of adaptation to past environments has been 
acknowledged as a crucial mechanism in facilitating long-term persistence (Davis & Shaw 
2001), evidence remains limited. Our results provide such evidence and contribute to 
addressing the role of Quaternary evolutionary processes in driving adaptive variation among 
modern tree populations (de Lafontaine et al. 2018).  
Forests are vulnerable to increased frequency and severity of droughts in the 
Anthropocene, and such vulnerability is underestimated (Allen et al. 2015). For instance, 
boreal “browning” (i.e. forests with reduced growth that turn brown due to increasingly 
warming summers) are not currently included in estimates of future vulnerability and 
persistence (Sitch et al. 2015). Given these concerns, it is timely to understand the various 
possible responses of forest taxa to anthropogenic climate shifts and consider management 
steps that must be taken. Our results, along with those from several recent studies (Liepe 
2014; Bansal et al. 2015), suggest that natural selection acting on standing variation may 
prompt local adaptation to drought stress in forest stands facing drought conditions. Given 
projected severe droughts in many forested regions, genetic diversity that has evolved through 
millennia of dramatic climatic fluctuation, such as those identified in our study, are 
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particularly valuable and should be prioritized for conservation (Mitrovski et al. 2008, de 
Lafontaine et al. 2018). Specifically, for managed conifer stocks facing impending drought 
stress (i.e. Broadmeadow & Ray 2005), the genetic markers identified through GEAs 
represent promising avenues for marker-assisted selection to mitigate the detrimental effects 
of drought (see Prunier et al. 2011). Such conservation efforts may help ensure persistence 
and resilience of natural populations to future climate extremes (Reusch et al. 2005; Sgrò et 
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Table 3.1. (Cont.) List of the nine candidate genes encompassing the SNP loci jointly identified 
by the two genotype-environment analyses (GEAs). For each SNP, candidate gene-accession in 
GCAT white spruce gene catalogue (Rigault et al. 2011), TAIR description, and biological 










































Figure 3.1. Location of the 16 black spruce populations sampled in Alaska. Circle color 
indicates the summer heat-to-moisture index (SHM) with lower values indicating a cooler, wetter 
summer and higher values indicating a warmer, drier summer environment. Circle size 







Figure 3.2. Results from the partial redundancy analysis relating genetic variability in Alaskan 
black spruce with downscaled climate variables. All 520 SNPs are plotted by their score on the 
first and second significant axes (RDA1; x-axis and RDA 2; y-axis, respectively). Significant 
outlier SNPs (n = 20) are colored according to their most correlated climate variable: mean 
annual temperature (MAT), mean warmest month temperature (MWMT), mean coldest month 
temperature (MCMT), continentality (TD), mean annual precipitation (MAP), annual heat-to-












Figure 3.3. Manhattan plots with colored circles depicting SNPs significantly associated with a 








Figure 3.4. Fold enrichments for all the biological processes that were found to be statistically 
significant in a gene enrichment analysis. All outliers from the partial redundancy analysis were 
compared against the background reference of all 520 SNPs. All significant biological processes 
detected were over-represented at a rate of two and half more times likely than would be 
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Anthropogenic climate shifts will promote a variety of species response depending on the 
rates and magnitude of change. While predictions to this change vary in outcome for many taxa, 
modern observations used to inform these forecasts are constrained by short time scales 
obscuring the full range of organismal responses. Paleoecological studies provide the necessary 
temporal context to elucidate a wider breadth of organismal response to climatic oscillations. 
Previous paleo-studies demonstrated that many instances of “rapid migration” during the Last 
Glacial Maximum (LGM) were attributable to pockets of persistence (i.e. refugia) close to the ice 
sheets that provided sources for early colonization waves. However, especially for the arctic, 
spatial details about where these refugia were located and how they contributed to postglacial 
migration remained cryptic. For instance, was there one source refugium for each taxa or 
several? Did they all contribute colonist for postglacial migration? Using an integrative 
approach, my research shows that for taxa in an Alnus species complex there were five refugia in 
Alaska that coalesced to populate the modern range of Alnus in modern Eastern Beringia (EB; 
Chapter 2). The presence of a cluster populations in EB that survived in situ during the climatic 
oscillations of the LGM suggest a dynamic interplay between local climate buffering and 
adaptation to Quaternary climates. A more buffered refugium due to landscape features may 
need little to no adaptation to persist. However, a less buffered refugium might need a significant 
degree of local adaptation to ensure persistence. Further refinement of location, integration of 
species velocity methods, and development of frameworks to study adaptation to past 
environment will be able to resolve the balance between these two forces. 
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The LGM refugia uncovered for the Alnus species complex in Alaska joins a growing 
body of evidence suggesting numerous taxa persisted in situ in regions first thought inhospitable 
during the last major period of glaciation. These findings have called into question the role of 
long-distance dispersal as the dominant mechanism of species response to rapidly shifting 
climates. To study these dynamics, many turn to range disjunctions, which serve as natural 
laboratories that allow us to examine this interplay of long-distance migration versus refugial 
persistence. Since range disjunctions limit gene flow and admixture across a distribution, genetic 
signals for continuing persistence versus long distance dispersal are easy to distinguish. Using an 
integrative genetic and modeling approach, research on the distribution of Larix laricina suggest 
the disjunct Alaskan population persisted in situ through the LGM and has likely been isolated 
from the primary distribution in Canada since preceding glacial cycles (Chapter 3). Several 
competing hypotheses could explain the ability of this isolated Alaskan larch lineage to persist in 
Alaska through pronounced glacial climate oscillations. As indicated by a large area of climate 
suitability in Alaska according to a hindcast SDM, it is possible that larch actually had a larger 
range in Alaska during the LGM than present. Conversely, given regionally harsh conditions, 
larch could have adapted to this selective pressure or been local buffered from these conditions 
by the topographically heterogeneous landscape of Alaska. Regardless of which mechanism 
facilitated persistence, the results from this study indicate that long distance dispersal did not 
play any significant role in the modern development or maintenance of the disjunct Alaskan 
populations of Larix laricina.  
Lessons from my other chapters provided a window to past dynamics while suggesting 
that local adaptation may be a key organismal response to climate shifts. To explore this 
possibility, my final dissertation chapter (Chapter 4) looked for signatures of local adaption to 
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regional climate that induces drought stress in a widely distributed boreal conifer (Picea mariana, 
black spruce). Drought stress threatens the productivity and growth of forest taxa around the 
globe, and there is widespread debate on how trees will respond to intensifying warmer, drier 
conditions. Using black spruce populations sampled in drier, warmer sites and relatively cooler, 
wetter sites in Alaska, I explored the possibility that there were locally adapted genetic variants 
as a result of differential selective pressures. Our results from analyses exploring the relationship 
between genetic variability and local climate revealed evidence that black spruce might be 
locally adapted to drought stress through a variety of pathways. Specifically, nine candidate SNP 
loci were identified as putatively being under selection by the environment, and five of these 
SNPs were explicitly linked with genes associated with drought responses. Along with a growing 
body of evidence, these results suggest that natural selection acting on standing generation may 
prompt local adaptation to drought stress in forest stands facing water limiting conditions. Given 
prognosticated climate scenarios of intensifying summer drought for many forest ecosystems, 
valuable genetic diversity in threatened and/or marginal populations should be prioritized for 
conservation or risk being lost. If genetic diversity related to potential adaptive responses to 
climate change can be conserved, then it will likely buffer many tree populations to forthcoming 
climate extremes. 
This dissertation research strives to answer simple question for which there is no simple 
answer: how do species respond to climate change? New insights from studying the past 
challenged a long standing unidirectional model for post glacial vegetation expansion, implying 
that climate buffering associated with landscape heterogeneity and adaptation to millennial-scale 
environmental variability played important roles in driving late-Quaternary population dynamics. 
Targeted sampling on either side of a range disjunction found in a transcontinental boreal conifer 
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revealed a long-standing isolation implying other mechanisms of species response to climate 
change besides long distance dispersal were pivotal during previous periods of rapid climate 
shifts. Lastly, associating variable environmental conditions with genetic variance revealed 
signatures of local adaptation in a boreal conifer to drought stress, which suggests that despite 
longer generation times adaptation can occur long-lived tree taxa from standing genetic 
variation. While not a comprehensive overview of every possible response to climate change, 
these findings join a growing body of literature that will allow us to understand how species 
respond to climate change and more accurately predict their responses to anthropogenic climate 




















Note A1. STACKS parameters used to filter and identify loci 
 
 We sampled and extracted the DNA of 554 Alnus individuals from 69 sites across Alaska 
and adjacent Canada. Genome-wide sampling was accomplished using double digest restriction-
site associated DNA sequencing (ddRADseq). The sequencing of the RAD libraries produced 
over 2.6 billion reads. These reads were processed using the STACKS software analytical 
pipeline, which uses specific parameters to determine how the genomic data is processed. 
Specifically, our pipeline settings required at least three raw reads to form a stack (i.e. a putative 
allele; -m) while allowing five mismatches between stacks to merge them into putative loci (-M). 
In addition, no more than three mismatches were allowed between putative loci during catalog 
construction (-n), and up to five mismatches were permitted to align secondary reads to 
assembled putative loci for increasing loci depth (-N). Unless otherwise stated, a minor allele 
filter of 0.05 was applied to all outputs used for downstream analyses. Using these setting in 


















Note A2. WordClim bioclimatic data used in species distribution models 
 
 In order to generate our species distribution models (SDMs), climate data needed to be 
selected for present and paleo environments. We extracted 19 bioclimatic WorldClim data layers 
(Hijmans et al. 2005; http://www.worldclim.org) at 2.5-arcmin resolution (~5 km at the equator) 
for the present (1960–2000) and the LGM (CMIP5 MIROC-ESM lgm; 21 kyr). Of all LGM 
paleoclimate models implemented in WorldClim, MIROC performs best for simulating 
precipitation and temperature in Alaska (Walsh et al. 2008). Highly correlated climatic variables 
(r > 0.85) and those that contributed little to the predictive power (i.e., < 5% contribution) were 
removed from subsequent analyses. A set of six environmental predictors were used in our final 
SDM modeling (BIO1 = Annual Mean Temperature, BIO2 = Mean Diurnal Range, BIO4 = 
Temperature Seasonality, BIO5 = Max Temperature of Warmest Month, BIO11 = Mean 























Note A3. Procedure for building species distribution models 
 
 To generate our species distribution models (SDMs) within BIOMOD2, we used seven 
modeling algorithms: generalized linear models (GLM), boosted regression trees (GBM), 
artificial neural networks (ANN), flexible discriminant analysis (FDA), random forest (RF), 
classification tree analysis (CTA), and multivariate adaptive regression splines (MARS). For 
each model, the Alnus occurrence data were coupled with 500 pseudo-absences data generated 
randomly within the modeled study area (between 102 to 170°W and 32 to 71°N) with equal 
weighting for presences and pseudo-absences (Barbet-Massin et al. 2012). Models were trained 
with 80% of the coupled occurrences and pseudo-absence data and tested with the remaining 
20%. For each Alnus taxon, each modeling algorithm was run 100 times (i.e., 10 pseudo-absence 


























Note A4. Details on the spatial principal components analyses 
 
 Spatial principal components analyses (sPCA) is an effective tool for summarizing spatial 
patterning and genetic variability among individuals, and, as such, it can be useful for elucidating 
cryptic refugia. For our sPCA analyses, a minor allele frequency filter of 0.02 was used because 
detection of fine-scale population structure benefits from the inclusion of rare variants 
(O’Connor et al. 2014). By lowering the minor allele filter but requiring any locus used in this 
analysis to be present in at least 75% sampling sites and in 75% of the individuals at each of 
those sites, the datasets for the three taxa (731, 1503, and 1585 loci for A. viridis fruticosa, A. v. 
sinuata, and A. incana tenuifolia, respectively) should detect the signal from real rare variants 
rather than missing or low-quality data. Rare variants can be useful in the identification of glacial 
refugia, which likely harbor rare alleles lost during postglacial expansion (Comps et al. 2001, 
Petit et al. 2003). When interpreting the results from sPCA, positive eigenvalues with the largest 
variance and highest positive spatial autocorrelation reflect global structure whereas negative 
eigenvalues (with the largest variance and highly negative spatial autocorrelation) reflect local 
structure. For each analysis, sPCA eigenvalues were tested for global and local spatial structure 















TABLES AND FIGURES 
 
Table A1. List of the GPS coordinates of the 69 sites sampled for genetic analysis. 
 
Sampling Site  Latitude Longitude 
MO 61.364619 -143.546786 
HI 63.377322 -142.5524 
SV 65.292551 -146.499072 
SL 60.501775 -150.164263 
SN 59.18673 -158.76451 
PG 60.783156 -148.842088 
WR 59.06234 -158.49788 
OP 63.652683 -148.813583 
BR 62.749665 -150.118814 
ML 67.49127 -150.174287 
BEV 59.400365 -158.027344 
JL 63.585911 -143.935231 
GL 62.71327 -144.309347 
BI 64.303561 -146.671018 
EA 65.462273 -145.433476 
EW 68.058572 -149.606994 
PR 62.107178 -145.558031 
NC 62.800227 -141.301662 
RS 65.848042 -149.687925 
DO 60.740677 -150.861468 
BC 64.768787 -148.277815 
CE 65.580697 -144.772863 
SW2 62.5604519 -153.6460304 
SW3 61.3989 -151.49178 
SW4 60.80601 -152.29091 
SW5 60.69595 -153.92047 
SW7 60.20493 -154.31172 
SW8 59.02798 -155.47662 
SW9 59.81774 -158.5453 
SW10 61.7049 -157.16524 
SW11 61.78387 -161.31845 
SW12 62.19453 -159.77148 
SW13 62.96161 -155.59218 
Sw14 63.91182 -152.15565 
YK1 62.3878428 -140.8734167 
YK6 61.4082823 -129.6295166 
YK7 61.9812597 -132.5992176 
YK8 62.2798801 -136.3339323 
YK9 63.4836121 -137.0079772 
YK10 64.0515419 -139.1099674 
YK11 65.3289451 -138.2420547 
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Table A1 (cont.) 
 
YK12 66.9306058 -136.3210455 
NW1 67.3462832 -134.8706731 
NW2 68.127594 -133.4638566 
YK3 60.611263 -134.945654 
NWA1 65.17537 -152.09625 
NWA2 65.80405 -154.27747 
NWA3 66.92383 -151.5106 
NWA4 66.55177 -152.68252 
NWA5 66.80103 -154.27237 
NWA6 67.16991 -153.25638 
NWA7 66.91709 -156.90739 
NWA8 67.103 -157.85287 
NWA9 67.57007 -162.96863 
NWA10 67.19584 -162.54512 
NWA11 66.97778 -160.43443 
NWA12 64.93848 -161.15863 
G1 66.1761111 -155.6847222 
G2 63.5677778 -155.9891667 
G3 62.45579 -157.99391 
E1 66.36397 -147.39861 
NWA13 64.74239 -156.8972 
E3 66.65643 -143.71376 
NWA14 64.32342 -158.73241 
E5 67.50211 -148.50122 
E6 68.12014 -145.56949 
E7 67.94095 -144.09734 
E10 65.82967 -144.06691 
E8 67.37286 -143.80824 
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Table A2. List of the pollen sites used to infer the timing of the earliest presence of Alnus. We 
used a 2.5% presence threshold to infer the local presence of Alnus shrubs in Alaska and adjacent 
Canada. We selected pollen records that span the region and that have reasonably secure 
chronologies. The age of the stratigraphic level where Alnus begins to be present continuously at 
> 2.5 % (Lisitsyna et al. 2011) was considered the time when Alnus shrubs first occurred at each 
of the given sites. We then relaxed this criterion and considered Alnus locally present whenever 
its pollen first reached 2.5%. The latter criterion was used because decreased Alnus pollen 
percentages may be associated with the expansion of Betula and other species. The spatial 
patterns of Alnus arrival were consistent between these two analyses, with dates being slightly 
older with the less conservative criterion (first presence at 2.5%). Given these findings, we chose 
the latter to infer timing of first Alnus presence across the region. 
 
Longitude Latitude Name Source 
-159.345767 59.486117 Sunshine Lake unpublished 
-154.30347 60.62601 Snipe Lake Brubaker et al. 2001 
-130.095975 57.59498 Skinny Lake Spooner et al. 2002 
-150.808083 60.718125 Rainbow Lake unpublished 
-145.67072 61.89771 Hudson Lake unpublished 
-148.80525 63.6589 Windmill Lake Bigelow & Edwards 2001 
-138.74449 68.829105 Trout Lake Fritz et al. 2012 
-149.897625 64.421 Dune Lake Finney et al. 2012 
-145.45452 60.52996 Corser Bog Peteet et al. 2016 
-153.64882 62.559145 Farewell Lake Hu et al. 1996 
-152.491385 67.111235 Xindi Lake 
Higuera 2006 (thesis); 
Higuera et al. 2008 
-154.244985 67.07084 Ruppert Lake 
Higuera 2006 (thesis); 
Higuera et al. 2008 
-150.83147 60.787275 Swanson Fen Jones et al. 2009 
-159.143 60.007 Lone Spruce Pond Kaufman et al. 2012 
-150.75903 60.62288 Paradox Lake Anderson et al. 2006 
-145.4044 66.06815 Screaming Lynx Kelly et al. 2013 
-146.687472 64.302184 Lost Lake Tinner et al. 2006 






Figure A1. Distribution maps of the three Alnus taxa in North America (modified from Flora of 






















Figure A2. Location of occurrence records for the three Alnus taxa. In addition to the 69 
locations sampled for population genetics analysis, 2392 accessions were obtained from the 
Consortium of Pacific Northwest Herbaria (http://www.pnwherbaria.org; n = 2074 accessions) 
and the Canadensys (http://www.canadensys.net; n = 318 accessions) databases. Each occurrence 
record was assigned to one of the three Alnus taxa based on our genetic clustering analyses or the 
identification of the herbarium accessions. Uncertain samples (e.g., genetically admixed 
individuals with STRUCTURE q-value below 0.85 and seemingly unreliable herbarium 
specimens) were removed from further SDM analyses. To prevent overfitting and false inflation 
of model performance from spatially auto-correlated occurrences, we reduced each cluster of 
presence records within a 10 km Euclidian distance to a single point. To avoid a spatial sampling 
bias, we randomly subsampled the accessions south of 50 °N to match the number of accessions 










Figure A3. Graph of ΔK values to determine the most likely number of groups (K) for the 
overall STRUCTURE analysis for all Alnus individuals and each of the three within STRUCTURE 
analyses. The highest ΔK value for each analysis and corresponding K were chosen to represent 
































Figure A5. The top row is the interpolated sPC1 scores on a map of Alaska and adjacent 
Canada. Increasing intensity of color represents the spatial location of the highlest positive and 
negative scores. The middle row is plots of the decomposition of eigenvalues (λ) by their 
variance and spatial autocorrelation (Moran's I) components. For all three analyses (i.e. for all 
three taxa) λ1 (sPC1) clearly is the largest eigenvalue in terms of variance and of spatial 
autocorrelation, and can be well distinguished from all the other eigenvalues. The lower row 
displays the barplots of eigenvalues. Positive eigenvalues correspond to global structures, while 
negative eigenvalues indicate local patterns. Significant structures result in more extreme 
(positive or negative) eigenvalues. Each of the three plots show only one interpretable eigenvalue 






Figure A6. Location of putative Alnus glacial refugia in Alaska and adjacent Canada according 
to genome-wide SNPs and hindcast species-distribution modeling. Maximum ice extent during 
the last glacial shown in light blue. Refugia for Alnus viridis subsp. fruticosa, Alnus viridis 
subsp. sinuata, and Alnus incana subsp. tenuifolia are represented by filled red, blue and green 
polygons, respectively, with different shades of each color indicating different lineages for each 
taxon. Open green polygon indicates the core location of a genetic lineage of Alnus incana 









Figure A7. Location of pollen sites used to infer the timing of the earliest presence of Alnus (a) 
and the stratigraphic profiles of Alnus pollen through time (b). For each pollen record reporting 
uncalibrated radiocarbon dates, we calibrated the radiocarbon dates using CALIB 5.0 (Stuiver et 
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Note B1. WordClim bioclimatic data used in species distribution models 
 
 In order to generate our species distribution models (SDMs), climate data needed to be 
selected for present and paleo environments. We extracted 19 bioclimatic WorldClim data layers 
(Hijmans et al. 2005; http://www.worldclim.org) at 2.5-arcmin resolution (~5 km at the equator) 
for the present (1960–2000) and the LGM (CMIP5 MIROC-ESM lgm; 21 kyr). Of all LGM 
paleoclimate models implemented in WorldClim, MIROC performs best for simulating 
precipitation and temperature in Alaska (Walsh et al. 2008). Highly correlated climatic variables 
(r > 0.85) and those that contributed little to the predictive power (i.e., < 5% contribution) were 
removed from subsequent analyses. A set of six environmental predictors were used in our final 
SDM modeling (BIO1 = Annual Mean Temperature, BIO2 = Mean Diurnal Range, BIO4 = 
Temperature Seasonality, BIO5 = Max Temperature of Warmest Month, BIO11 = Mean 











Note B2. Procedure for building species distribution models 
 
 To generate our species distribution models (SDMs) within BIOMOD2, we used seven 
modeling algorithms: generalized linear models (GLM), boosted regression trees (GBM), 
artificial neural networks (ANN), flexible discriminant analysis (FDA), random forest (RF), 
classification tree analysis (CTA), and multivariate adaptive regression splines (MARS). For 
each model, the Larix laricina occurrence data were coupled with 500 pseudo-absences data 
generated randomly within the modeled study area (between latitudes -169 through -45 and 
longitudes 24 through 72) with equal weighting for presences and pseudo-absences (Barbet-
Massin et al. 2012). Models were trained with 80% of the coupled occurrences and pseudo-
absence data and tested with the remaining 20%. Each modeling algorithm was run 100 times 
(i.e., 10 pseudo-absence samplings × 10 replicated runs), for a total of 700 models. 
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TABLES AND FIGURE 
 
Table B1. List of the 69 (24 from this study and the remaining 45 from Warren et al 2016) sites 
where Larix laricina was sampled for genetic analysis. Information for each site includes the 
GPS coordinates, data source, BAPS grouping, as well as chlorotype counts (i.e. the number of 



















































al	2016	 1	 52.53	 -56.29	 0	 1	 0	 0	 3	 0	 0	 3	 0	 0	 0	 0	 0	 1	
2	 Cartwright	
Warren	et	





al	2016	 1	 53.40	 -60.43	 0	 0	 0	 0	 9	 0	 0	 3	 0	 0	 0	 0	 0	 1	
4	 Happy	Valley	
Warren	et	
al	2016	 1	 53.20	 -62.23	 0	 0	 0	 0	 9	 0	 0	 1	 0	 0	 0	 0	 0	 0	
5	 Churchill	Falls	
Warren	et	
al	2016	 1	 53.56	 -63.91	 0	 0	 0	 1	 12	 0	 0	 0	 0	 0	 0	 0	 0	 0	
6	 Stanley	
Warren	et	
al	2016	 1	 46.27	 -66.65	 0	 0	 0	 0	 4	 0	 0	 8	 1	 0	 0	 0	 0	 0	
7	 Amqui	
Warren	et	
al	2016	 1	 48.44	 -67.35	 0	 0	 0	 0	 5	 0	 0	 2	 0	 0	 0	 0	 0	 0	
8	 Fermont	
Warren	et	
al	2016	 1	 52.79	 -67.40	 0	 2	 1	 0	 6	 0	 0	 2	 0	 0	 0	 0	 0	 1	
9	 Manic	5	
Warren	et	





al	2016	 1	 49.17	 -69.34	 0	 0	 0	 0	 5	 0	 1	 3	 0	 0	 0	 0	 0	 1	
11	 La	Malbaie	
Warren	et	
al	2016	 1	 47.60	 -70.20	 0	 0	 0	 0	 5	 0	 0	 4	 0	 0	 0	 0	 0	 1	
12	 Jackman	
Warren	et	
al	2016	 1	 45.49	 -70.22	 0	 2	 0	 0	 4	 0	 0	 3	 0	 0	 0	 0	 0	 2	
13	 Roberval	
Warren	et	





al	2016	 1	 43.34	 -72.99	 0	 0	 0	 0	 12	 0	 0	 0	 0	 0	 0	 0	 0	 0	
15	 Grenville	Bay	
Warren	et	
al	2016	 1	 45.65	 -74.63	 0	 1	 0	 2	 3	 0	 0	 0	 0	 0	 0	 0	 1	 3	
16	 Elzevir	
Warren	et	
al	2016	 1	 44.63	 -77.27	 0	 0	 0	 1	 7	 0	 0	 1	 0	 1	 0	 0	 0	 0	
17	 Englehart	
Warren	et	
al	2016	 1	 47.90	 -79.95	 0	 2	 0	 2	 8	 0	 0	 0	 0	 0	 0	 0	 0	 0	
18	 Shelburne	
Warren	et	
al	2016	 1	 44.07	 -80.24	 0	 0	 0	 0	 1	 1	 0	 1	 0	 0	 0	 1	 0	 3	
19	 Holly	
Warren	et	

























al	2016	 1	 45.96	 -87.00	 0	 1	 0	 0	 7	 0	 0	 0	 0	 0	 0	 0	 0	 0	
25	 Shebandowan	
Warren	et	
al	2016	 1	 48.62	 -90.18	 0	 0	 0	 0	 8	 0	 0	 0	 0	 0	 0	 0	 0	 0	
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al	2016	 1	 46.12	 -92.67	 0	 1	 0	 0	 6	 0	 0	 0	 0	 0	 0	 0	 0	 1	
28	 Blackberry	
Warren	et	
al	2016	 1	 47.22	 -93.36	 0	 1	 0	 0	 9	 1	 0	 0	 0	 0	 0	 0	 0	 0	
29	 Richer	
Warren	et	
al	2016	 1	 49.66	 -96.28	 0	 1	 0	 0	 8	 1	 0	 0	 0	 0	 0	 0	 0	 0	
30	 Grahamdal	
Warren	et	
al	2016	 1	 52.08	 -98.84	 1	 1	 0	 0	 5	 0	 0	 0	 0	 0	 0	 0	 0	 0	
31	 Minago	River	
Warren	et	





al	2016	 2	 54.55	 -101.38	 0	 0	 0	 0	 4	 0	 0	 0	 0	 0	 0	 0	 0	 1	
33	 Granit	Lake	
Warren	et	
al	2016	 2	 54.84	 -102.59	 1	 0	 0	 0	 6	 0	 0	 0	 0	 0	 1	 0	 0	 0	
34	 Southend	
Warren	et	
al	2016	 1	 56.16	 -103.20	 0	 1	 1	 0	 10	 0	 0	 0	 0	 0	 0	 1	 0	 0	
35	 Big	Sandy	Lake	
Warren	et	
al	2016	 2	 54.50	 -104.16	 1	 0	 0	 0	 2	 2	 1	 0	 0	 0	 0	 0	 0	 1	
36	 Prince	Albert	
Warren	et	
al	2016	 1	 53.36	 -105.47	 0	 0	 0	 1	 4	 0	 0	 0	 0	 0	 0	 0	 0	 0	
37	 Morin	Lake	
Warren	et	
al	2016	 2	 55.10	 -105.99	 0	 0	 1	 0	 2	 0	 1	 0	 0	 0	 3	 0	 0	 1	
38	 Lac	la	Plonge	
Warren	et	
al	2016	 2	 55.21	 -107.49	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 2	 0	 0	 0	
39	 Patuanak	
Warren	et	
al	2016	 2	 55.88	 -107.70	 0	 0	 0	 0	 5	 0	 0	 0	 0	 0	 1	 0	 0	 0	
40	 Aubichon	Lake	
Warren	et	
al	2016	 2	 54.59	 -107.82	 2	 0	 0	 0	 3	 0	 1	 0	 0	 0	 2	 0	 0	 0	
41	 Meadow	River	
Warren	et	
al	2016	 2	 54.25	 -108.36	 8	 1	 0	 0	 4	 0	 0	 0	 0	 0	 0	 0	 0	 0	
42	 Goodsoil	
Warren	et	
al	2016	 2	 54.40	 -109.23	 1	 0	 0	 0	 2	 0	 0	 0	 0	 0	 2	 0	 0	 0	
43	 Glendon	
Warren	et	
al	2016	 3	 54.24	 -111.24	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	
44	 Whitecourt	
Warren	et	
al	2016	 1	 54.09	 -115.01	 0	 1	 0	 0	 13	 1	 0	 0	 0	 0	 0	 0	 0	 0	
45	 Fairbanks	
Warren	et	
al	2016	 3	 64.42	 -148.0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	
46	 AK01	 This	study	 3	 64.95	 -147.61	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
47	 AK02	 This	study	 3	 64.86	 -147.81	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
48	 AK03	 This	study	 3	 64.31	 -149.13	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
49	 AK04	 This	study	 3	 64.32	 -149.03	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
50	 AK05	 This	study	 3	 65.27	 -146.72	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
51	 AK06	 This	study	 3	 65.12	 -147.5	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
52	 AK07	 This	study	 3	 65.28	 -148.13	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
53	 AK08	 This	study	 3	 64.99	 -150.64	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
54	 AK09	 This	study	 3	 65.21	 -149.64	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
55	 AK10	 This	study	 3	 64.46	 -146.92	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
56	 AK11	 This	study	 3	 64.24	 -146.05	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
57	 AK12	 This	study	 3	 64.01	 -145.65	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
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Table B1 (cont.) 
 
58	 AK13	 This	study	 3	 64.77	 -147.39	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
59	 AK14	 This	study	 3	 64.95	 -147.68	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
60	 DENA	 This	study	 3	 63.35	 -150.99	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
61	 JMR	 This	study	 2	 61.38	 -120.60	 0	 0	 0	 0	 2	 0	 0	 0	 0	 0	 0	 0	 0	 0	
62	 KAK	 This	study	 2	 61.12	 -118.00	 0	 0	 0	 0	 3	 0	 0	 0	 0	 0	 1	 0	 0	 0	
63	 LT	 This	study	 2	 53.63	 -112.84	 0	 1	 0	 0	 4	 0	 0	 0	 0	 0	 0	 0	 0	 0	
64	 NAB	 This	study	 2	 60.95	 -123.19	 0	 1	 0	 0	 8	 0	 0	 0	 0	 0	 0	 0	 0	 0	
65	 NAVF	 This	study	 2	 61.61	 -125.75	 0	 0	 0	 0	 4	 0	 0	 0	 0	 0	 0	 0	 0	 0	
66	 NNPR	 This	study	 2	 61.95	 -127.19	 0	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
67	 WB01	 This	study	 2	 59.44	 -112.35	 0	 0	 0	 0	 3	 0	 0	 0	 0	 0	 0	 0	 0	 0	
68	 WB02	 This	study	 2	 60.03	 -112.91	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	































































al	2016	 1	 52.53	 -56.29	 2	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
2	 Cartwright	
Warren	et	





al	2016	 1	 53.40	 -60.43	 2	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
4	 Happy	Valley	
Warren	et	
al	2016	 1	 53.20	 -62.23	 5	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
5	 Churchill	Falls	
Warren	et	
al	2016	 1	 53.56	 -63.91	 1	 0	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
6	 Stanley	
Warren	et	
al	2016	 1	 46.27	 -66.65	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
7	 Amqui	
Warren	et	
al	2016	 1	 48.44	 -67.35	 1	 1	 1	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	
8	 Fermont	
Warren	et	
al	2016	 1	 52.79	 -67.40	 1	 1	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 0	
9	 Manic	5	
Warren	et	





al	2016	 1	 49.17	 -69.34	 2	 2	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
11	 La	Malbaie	
Warren	et	
al	2016	 1	 47.60	 -70.20	 1	 1	 1	 1	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	
12	 Jackman	
Warren	et	
al	2016	 1	 45.49	 -70.22	 0	 0	 1	 0	 0	 0	 0	 3	 0	 0	 0	 0	 0	 0	
13	 Roberval	
Warren	et	





al	2016	 1	 43.34	 -72.99	 0	 0	 0	 0	 0	 0	 0	 2	 1	 0	 0	 0	 0	 0	
15	 Grenville	Bay	
Warren	et	
al	2016	 1	 45.65	 -74.63	 1	 2	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
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al	2016	 1	 44.63	 -77.27	 2	 2	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	
17	 Englehart	
Warren	et	
al	2016	 1	 47.90	 -79.95	 2	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
18	 Shelburne	
Warren	et	
al	2016	 1	 44.07	 -80.24	 2	 2	 0	 0	 0	 0	 0	 3	 0	 0	 0	 0	 0	 0	
19	 Holly	
Warren	et	

























al	2016	 1	 45.96	 -87.00	 0	 1	 0	 0	 0	 0	 0	 3	 0	 0	 0	 0	 0	 0	
25	 Shebandowan	
Warren	et	










al	2016	 1	 46.12	 -92.67	 1	 2	 0	 0	 2	 0	 0	 1	 1	 0	 0	 0	 0	 0	
28	 Blackberry	
Warren	et	
al	2016	 1	 47.22	 -93.36	 4	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
29	 Richer	
Warren	et	
al	2016	 1	 49.66	 -96.28	 2	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	
30	 Grahamdal	
Warren	et	
al	2016	 1	 52.08	 -98.84	 2	 0	 0	 0	 1	 0	 0	 0	 1	 0	 0	 0	 0	 0	
31	 Minago	River	
Warren	et	





al	2016	 2	 54.55	 -101.38	 3	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
33	 Granit	Lake	
Warren	et	
al	2016	 2	 54.84	 -102.59	 5	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
34	 Southend	
Warren	et	
al	2016	 1	 56.16	 -103.20	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
35	 Big	Sandy	Lake	
Warren	et	
al	2016	 2	 54.50	 -104.16	 4	 1	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	
36	 Prince	Albert	
Warren	et	
al	2016	 1	 53.36	 -105.47	 0	 4	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
37	 Morin	Lake	
Warren	et	
al	2016	 2	 55.10	 -105.99	 2	 0	 0	 0	 1	 0	 0	 2	 0	 0	 0	 0	 0	 0	
38	 Lac	la	Plonge	
Warren	et	
al	2016	 2	 55.21	 -107.49	 3	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
39	 Patuanak	
Warren	et	
al	2016	 2	 55.88	 -107.70	 3	 1	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	 0	 0	
40	 Aubichon	Lake	
Warren	et	
al	2016	 2	 54.59	 -107.82	 1	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	
41	 Meadow	River	
Warren	et	
al	2016	 2	 54.25	 -108.36	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
42	 Goodsoil	
Warren	et	
al	2016	 2	 54.40	 -109.23	 1	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
43	 Glendon	
Warren	et	
al	2016	 3	 54.24	 -111.24	 14	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
44	 Whitecourt	
Warren	et	
al	2016	 1	 54.09	 -115.01	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
45	 Fairbanks	
Warren	et	
al	2016	 3	 64.42	 -148.0	 13	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	




Table B1 (cont.) 
 
47	 AK02	 This	study	 3	 64.86	 -147.81	 13	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 1	 0	 0	
48	 AK03	 This	study	 3	 64.31	 -149.13	 9	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	
49	 AK04	 This	study	 3	 64.32	 -149.03	 8	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	
50	 AK05	 This	study	 3	 65.27	 -146.72	 12	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 2	 0	 0	
51	 AK06	 This	study	 3	 65.12	 -147.5	 14	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	
52	 AK07	 This	study	 3	 65.28	 -148.13	 13	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
53	 AK08	 This	study	 3	 64.99	 -150.64	 7	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 1	
54	 AK09	 This	study	 3	 65.21	 -149.64	 6	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	
55	 AK10	 This	study	 3	 64.46	 -146.92	 11	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	
56	 AK11	 This	study	 3	 64.24	 -146.05	 14	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	
57	 AK12	 This	study	 3	 64.01	 -145.65	 11	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
58	 AK13	 This	study	 3	 64.77	 -147.39	 13	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
59	 AK14	 This	study	 3	 64.95	 -147.68	 6	 0	 0	 0	 0	 0	 0	 0	 0	 0	 2	 0	 0	 0	
60	 DENA	 This	study	 3	 63.35	 -150.99	 6	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
61	 JMR	 This	study	 2	 61.38	 -120.60	 4	 0	 0	 0	 0	 0	 0	 2	 0	 0	 0	 0	 0	 0	
62	 KAK	 This	study	 2	 61.12	 -118.00	 7	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
63	 LT	 This	study	 2	 53.63	 -112.84	 5	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 2	 0	 0	
64	 NAB	 This	study	 2	 60.95	 -123.19	 2	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	
65	 NAVF	 This	study	 2	 61.61	 -125.75	 6	 0	 0	 0	 0	 0	 0	 1	 0	 0	 0	 0	 0	 0	
66	 NNPR	 This	study	 2	 61.95	 -127.19	 4	 0	 0	 0	 0	 0	 0	 3	 0	 0	 0	 1	 0	 0	
67	 WB01	 This	study	 2	 59.44	 -112.35	 3	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 1	 0	 0	
68	 WB02	 This	study	 2	 60.03	 -112.91	 5	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	















Table B2. List of cpDNA loci targeted to explore genetic variation across the range of Larix 
laricina including the locus name, primer sequences, and annealing temperature. 
 
 
Locus name Forward primer (F) Reverse primer (R) Annealing temperature (°C) 
Pt26081 CCCGTATCCAGTATACTTCCA	 TGTTTGATTCATTCGTTCAT	 55	
Pt30204 TCATAGCGGAAGATCCTCTTT	 CGGATTGATCCTAACCATACC	 55	







































Figure B1. Location of occurrence records for Larix laricina. In addition to the 69 locations 
sampled for population genetics analysis by this study (red circles) and Warren and colleagues 
(2016; yellow circles), 370 additional accessions (blue circles) were obtained from the 
Canadensys (http://www.canadensys.net) database. To prevent overfitting and false inflation of 
model performance from spatially auto-correlated occurrences, we implemented the program 
spThin (Aiello-Lammens et al. 2015) in R 3.3.3 (R Core Team 2017) to 1) reduce each cluster of 
presence records within a 10 km Euclidian distance to a single point and 2) avoid a spatial 
sampling bias, by randomly reducing presence points in overrepresented portions of the range. 
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Note C1. Correctly accounting for the neutral genetic structure of the sampled black 
spruce populations. 
 The genotyping method for the sampled Alaskan black spruce populations was a SNP 
array where each SNP was putatively linked to a gene of interest. This inherently suggests there 
could be departures from Hardy–Weinberg equilibrium (HWE) as these genes might be under 
natural selection. As such, these SNPs could be biased for approximating the neutral genetic 
structure of the black spruce populations. Accordingly, each SNP was tested for departures from 
HWE using the hw.test function in the pegas package in R (Paradis 2010). After accounting for 
multiple testing using a Bonferroni correction, we found that 201 SNPs did not violate the 
tenants of HWE. Using these putatively neutral SNPs we re-ran STRUCTURE. We then 
compared the matrices of ancestry (STRUCTURE q-values) from each run (with all SNPs versus 
the subset that did not violate the assumptions of HWE) and found a strong correlation of 0.94 
suggesting our initial STRUCTURE run adequately captured the neutral genetic structure of the 
















TABLES AND FIGURES 
 
 


















AHM  SHM  Rad_sm  
 
TS 145.12224 61.46149 -3.4 11.7 -19.8 31.5 526 12.5 49.2 17.4 
UAF 147.86295 64.86517 -2.5 16.1 -21.0 37.1 317 23.8 79.6 15.9 
DE 145.65791 64.01648 -3.2 15.1 -21.9 37 352 19.3 60.5 16.3 
BC 148.3006 64.70383 -2.7 16.1 -21.8 37.9 328 22.2 75.7 16.1 
TO 146.11227 62.09729 -3.9 12.9 -21.5 34.4 348 17.5 61.6 17.8 
NN 149.06471 64.53096 -3.4 15.7 -21.7 37.4 338 19.7 67.3 16.3 
DS 149.95377 62.81011 -0.1 14.0 -13.1 27.1 1135 8.7 22.1 19.3 
MT 147.91644 61.79246 -2.6 11.9 -15.8 27.6 362 20.4 52.4 18.9 
TOK 142.67598 63.31484 -4.4 14.6 -25.4 40.0 259 21.5 78.6 16.6 
ST 146.72792 65.26804 -3.1 14.3 -20.0 34.3 449 15.4 48.7 16.4 
TK 150.05964 62.04468 -0.2 15.5 -16.7 32.3 708 13.8 41.2 16.5 
DL 144.33131 63.69484 -4.3 14.6 -27.2 41.7 289 19.9 71.2 17.0 
CH 143.6778 61.40377 -1.7 13.1 -17.3 30.4 611 13.5 40.8 18.9 
GA 145.4494 62.68601 -4.0 12.6 -20.8 33.4 446 13.5 48.0 16.9 
CT 145.00226 65.56298 -5.0 15.2 -25.7 40.9 331 15.2 68.0 15.9 
CI 144.06837 65.82568 -6.5 17.1 -27.7 44.8 220 15.7 153.9 16.2 
MAT: Mean annual temperature 
MWMT: Mean warmest month temperature 
MCMT: Mean coldest month temperature 
TD: Continentality 
MAP: Mean annual precipitation 
AHM: Annual heat-to-moisture index 
SHM: Summer heat-to-moisture index  















Table C2. Results of the analysis of variance used to determine the number of significant 
canonical axes for the partial redundancy analysis (permutations = 999). Two axes (shown in 
bold) were used to detect multivariate outlier loci.  
 
 
  DF Variance F statistic p-value 
RDA1 1 1.635 1.5273 0.003 
RDA2 1 1.45 1.3544 0.046 
RDA3 1 1.336 1.2472 0.28 
RDA4 1 1.253 1.1704 0.581 
RDA5 1 1.189 1.1103 0.738 
RDA6 1 1.121 1.0466 0.866 
RDA7 1 1.097 1.0245 0.741 
RDA8 1 0.962 0.8979 0.899 


































Table C3. The number of significant loci for each of the eight latent factor mixed models 
(LFMM). One univariate model with two latent factors was run for each of the eight climate 
variables: mean annual temperature (MAT), mean warmest month temperature (MWMT), mean 
coldest month temperature (MCMT), continentality (TD), mean annual precipitation (MAP), 
annual heat-to-moisture index (AHM), summer heat-to-moisture index (SHM), and summer solar 
radiation (Rad_sm).  
 
 
  MAT MWMT MCMT TD MAP AHM SHM Rad_sm 





































Table C4. Statistically significant results of the gene enrichment analysis for the biological 
processes associated with the outliers found in the partial redundancy analysis compared with the 
reference of all 520 SNPs analyzed for the black spruce populations. Enrichments for the listed 
biological processes were significant at an alpha threshold of 0.05. 
 
 
GO biological process complete Fold Enrichment p-value 
lipid phosphorylation 16.52 0.013 
reactive O2 species metabolic process 12.39 0.020 
glycerolipid metabolic process 9.91 0.027 
intracellular signal transduction 9.91 0.027 
antibiotic metabolic process 9.91 0.027 
pollen development 9.29 0.007 
response to cadmium ion 5.31 0.024 
response to osmotic stress 5.22 0.009 
response to stress 3.05 0.001 







































Figure C1. Neutral genetic structure across sampled black spruce populations in Alaska. (a) Bar 
graphs represent the multilocus genetic assignment of each individual to a STRUCTURE group. 
Two distinct genetic groups were detected for sampled Alaskan black spruce populations by the 
clustering algorithm implemented in SRUCTURE (Pritchard et al. 2000, Falush et al. 2003). (b) 
The presence of two clusters was further supported as the most likely scenario by calculating 


















Figure C2. Histograms of the distribution of SNP scores from the partial redundancy analysis on 
the first and second canonical axes. Both distributions are approximately bell-shaped and do not 












Figure C3. Spatial pattern of genetic structure of sampled black spruce populations. Two distinct 























Figure C4. Example of linear relationships found between a climatic variable and allele 
frequencies at each of the nine candidate genes encompassing the SNP loci jointly identified by 
the two genotype-environment analyses (pRDA & LFMM). Red and blue triangles represent 
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